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Abstract

Directed migration of eukaryotic cells is caused by a polarization of the actomyosin cy-
toskeleton (ACM). Throughout many cell types the polar alignment of the AMC is i.a.
initiated by the activation of the Rho GTPases Rac and RhoA. In response to an exter-
nal chemical gradient active Rac accumulates and determines the cell front, while active
RhoA predominantly accumulates at the rear of the cell. Current experimental evidence
indicates that in neutrophils mechanical tension of the plasma membrane confines Rac
activity patterns to the leading front.

The patterning mechanism behind the Rho-based polarization process of eukaryotic
cells has interested mathematical modellers over the last decades. While elaborated
concepts for purely biochemical and purely mechanical patterning processes are avail-
able, the basics of mechanochemical patterning with respect to cell polarization are not
well understood yet. In accordance to the aforementioned experimental findings, we
suggest a mechanochemical model for cell polarization, including Rho GTPase mediated
AMC dynamics and changes in membrane tension as upstream controller of Rho GTP,
in which active Rac patterns are locally confined to the cell front by membrane ten-
sion. Rho proteins can become activated or inactivated due to complex formation with
specific effector proteins. In the model active Rac and active RhoA mediate actin poly-
merization and the generation of myosin-dependent contractile force, respectively. The
model cell is considered as a two dimensional layer adhering to a flat substrate, wherein
the embedded AMC is modelled as a viscous active gel. Morphological changes of the
AMC induce changes in membrane tension. Rho based chemical signalling is modelled
by reaction-diffusion equations. Chemical signalling induces a mechanical response of
the AMC. Actomyosin mechanics are modelled by a Stokes-related equation. The spa-
tial change of the domain is determined by a free-boundary problem. We numerically
demonstrate that the model exhibits key features of neutrophil polarization and shape
generation and we explain the underlying patterning mechanism. The model accounts
for a minimal mechanochemical circuit capable of generating robust polarity patterns
and demonstrates how cell mechanics could serve as a long range signal transmitter in

Rho based cell polarization.
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Zusammenfassung

Die gerichtete Migration eukaryotischer Zellen bedingt eine Polarisation des Actomyosin-
Zytoskeletts (AMC). Die polare Anordnung des AMC wird in vielen Zelltypen u.a. durch
die Aktivierung der Rho GTPasen Rac und RhoA eingeleitet. Aktiviertes Rac akku-
muliert an der Zellfront, wiahrend aktiviertes RhoA im hinteren Teil der Zelle konzentriert
wird. Experimentelle Befunde iiber Neutrophile legen nahe, dass Rac-Aktivierung durch
die Generierung von Membranspannung auf die Zellfront beschrénkt wird.

Wiéhrend eine Fiille aussagekraftiger Modelle zur Beschreibung von sowohl rein bio-
chemischer als auch rein mechanischer Musterbildungsprozesse aufgestellt wurden, sind
mechanisch-chemische Musterbildungsprozesse, die bei der Polarisation von Zellen auf-
treten, in groflen Teilen unerforscht. In dieser Arbeit wird ein mechanisch-chemisches
Zellpolarisationsmodell vorgeschlagen, in dem die Rho GTPasen Rac und RhoA die
Mechanik des AMC und damit indirekt die Plasmamembranspannung beeinflussen. An-
dererseits reguliert in dem Modell die Anderung der Membranspannung die Aktivierung
von Rho GTP, sodass Rac-Aktivierung lokal auf die Zellfront beschrankt bleibt.

Rho GTPasen konnen entweder aktiv oder inaktiv auftreten, indem sie an spezielle Ef-
fektorproteine binden. Aktives Rac und RhoA steuern sowohl die Polymerisation von
Actin als auch Myosin-Kontraktionen, die auf das Aktin-Netzwerk wirken. Die zugrunde
gelegte Geometrie des Modells wird durch eine zweidimensionale Schicht beschrieben,
welche den Verbund von Plasmamembran und AMC reprSentiert und die auf einem
flachen Substrat liegt.

Das Modell behandelt chemische Signaltransduktion per Reaktions-Diffusionsgleichungen,
welche die Mechanik des AMC beeinflusst. Im Modell wird die Mechanik des AMC wird
durch eine Viskositéitsgleichung beschrieben, die der Stokes’schen Gleichung &hnelt. Die
geometrische Anderung der Zelle wird durch die Losung eines freien Randwertprob-
lems bestimmt. Die Membranspannung im Modell wird durch eine Integralgleichung
beschrieben, die abhéngig von der Zellmorphologie ist.

Wir weisen numerisch nach, dass das Model in der Lage ist, grundlegende Eigenschaften
der Polarisationscharakteristika von Neutrophilen reproduzieren zu kénnen, und wir
erklidren den zugrunde liegenden Musterbildungsprozess. Das Modell stell ein Minimal-
system dar, das in der Lage ist robuste Muster zu produzieren und dabei mechanische

Spannung als Langstreckensignalleiter mit einbezieht.
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Chapter 1

Introduction

1.1 What is cell polarity?

Polarization, a fundamental attribute of eukaryotic cells, means the spatial reorgani-
zation of certain lipids and proteins in response to a chemical external stimulus. This
symmetry break activates a whole cascade of downstream effectors initializing the di-
rectional alignment of the cytoskeleton. In particular, in motile cells like neutrophils
polarization of Rho proteins is regarded as the initial step of locomotion

The cellular key processes involved in polarization and their respective interactions have
been studied in great detail - both through theoretical investigation [1-8] and experimen-
tal research [9-11]. For many cell types it is assumed that biochemical signalling alone
is responsible for the establishment and maintenance of polarity patterns and precedes
mechanical responses involving cytoskeletal activity [12, 13]. In other cell structures like
keratocyte fragments solely the mechanical properties of the actin cytoskeletal network
appear sufficient for polarization of the cytoskeleton [14, 15]. However, in neutrophils
it has been shown that both, biochemical and mechanical signalling, are necessary to
generate and to maintain polarity patterns [11] in response to external chemical stim-
uli. Key players in the biochemical signalling pathway of neutrophils include the Rho
GTPases family, whose members Rac, RhoA and Cdc42 cycle between an active form
and an inactive form [16, 17].

Rac activity is highly polarized at the leading front in response to external chemical gra-
dients like cAMP as well as in the presence of uniformly distributed chemoattractants
[18, 19] and recruits downstream effectors like Arp2/3 and the Scar/WAVE complex that
promote actin polymerization [20, 21]. The so caused actin-driven membrane protrusion
at spots of high Rac activity induce an increase of the cell surface and thus induce a
global increase in membrane tension [11, 22].

Membrane tension, in turn, confines Rac activation to the leading front: Houk et al.
[11] demonstrate that increased tension, generated by stretching neutrophils using mi-

cropipette aspiration, inhibits both, the formation of protrusions and Rac activation

1
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aside from the leading front. In response to chemoattractants and in addition to in-
creased Rac activity at the leading front, active RhoA increases predominately at the
back of the cell where it targets its downstream myosin IT [9].

Myosin II proteins form small aggregates via binding to each others tail region and
crosslink actin filaments. Conformational changes due to energy consumption provided
by ATP hydrolysis exerts a contractile force to the network [23]. The contractile force at
the rear of the cell induces the trailing of the dorsal cell, which reduces the cell surface
area and thus may decrease membrane tension. This balancing mechanism could serve
as a regulator in the maintenance of Rac signals at the front: Tension increases due to
front protrusion confines active Rac to the leading while tension decreases due to trailing

of the dorsal cell prevents the Rac signal at the front to expire.

1.1.1 State of research: Models for cell polarity

The mechanism behind Rho GTPase based cell polarity has interested modellers over the
last four decades and has led to various concepts to explain cell polarization mathemati-
cally. The most prominent model approaches can be subdivided into three qualitatively

different classes:

1) Turing based models,
2) LEGI mechanisms

3) wave based models.

In the following paragraphs we will briefly account to the first two classes. The third
class will be explained more in detail, since it shares some features with the presented

model in this thesis. For a more detailed discussion we refer to [7].

1) Turing based models Some diffusion-reaction systems expose the ability of a
symmetry break due the appearance of bifurcation branches in the linearized system. In
mathematical biology these types of pattern mechanisms are commonly called Turing
mechanisms.

Due to the capability to explain pattern formation processes in general, Turing mecha-
nisms provide a wide application in the theoretical investigation of cell polarity. From
a biological point of view these systems are based in their core on the following as-
sumptions: There is a slow diffusing activator, a fast diffusing inhibitor, and nonlinear
reaction functions that couple activator and inhibitor. [1, 2, 24, 25]. In the simplest

conceivable case, Turing patterns can occur in systems of the form

dia = D,0%a + f(a,b) on Ry x (0,1),
Otb = Dyd?b + g(a,b)  on Ry x (0,1),
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together with homogenous Neumann boundary conditions, where a(t,z) and b(t, x) are
the concentration of the activator and the inhibitor, respectively. D, and D, are the
diffusion coefficients of the activator ant the inhibitor, respectively. Necessary conditions
for Turing pattern formation are that the system above is linearly unstable at steady

state and that the spatially homogenous system

815& = f(a7 b)a
atb = g<a7b)7

is linearly stable at steady state. If the steady state is perturbed, patterns can evolve
due to occurring bifurcations.

Turing models are well-suited for modelling polarity in eukaryotic cell types lacking of
the ability to repolarize, like e.g. budding yeast. This is due to the fact that Turing

processes tend to freeze after the pattern is formed [7].

2) LEGI mechanisms Another approach to explain how cell polarity is provided
by local-excitation-global-inhibition (LEGI) models [26-28]. Therein a spatially static
activator is coupled to a fast diffusing inhibitor, both activated in direct proportion to
the external stimulus, which together regulate a downstream response element. The

simplest conceivable LEGI-mechanism is represented by the set of equations

Ora = koS(t,x) — k_qa on Ry x (0,1),
Oib = D 9%b+ kyS(t, ) — k_yb on Ry x (0,1),
or = kyA(rp — 1) — k—br on R, x (0,1),

with homogenous Neumann boundary conditions for a(¢, z) and initial conditions repre-
senting the steady state. Here a(t,x) denotes the concentration of the activator, b(¢, z)
denotes the concentration of the inhibitor, r(¢,x) is the concentration of the response
element, and S(t, z) is concentration profile for the external stimulus. D is the diffusion
coefficient of the inhibitor, 7 is a constant that denotes the total amount of the response
element, and the letters k denote kinetic rates.

For appropriate choices of the constants and assumptions on S(t, x), this system is capa-
ble of generating patterns with respect to the response element r, see [28]. In particular,
LEGI accounts to certain features experimentally observed in some cell types like e.g. in
Dictyostelium discoideum: LEGI captures an increasing response to stronger gradients,

and the reversal of polarity if the gradient is reversed [7].

3) Wave-based models A relatively new approach to model cell polarity is to con-
sider polarization as a consequence of a wave-based process. Wave-based models are
designed to overcome a crucial issue of the formerly described model types: Both, Tur-

ing based polarity models and LEGI models require an inhibitor, but in cell types having



Chapter 1. Introduction 4

a Rho GTPase driven polarization process a chemical inhibitor has not been experimen-
tally verified yet [7].

Various wave-based concepts have been suggested [29-32]. A prominent representative
of this class are reaction-diffusion systems that exhibit a phenomena commonly referred
to as wave-pinning [8, 33]. In these models a travelling wave is initiated at one end of
a finite, homogenous 1D domain. The triggered wave travels across the domain while
its speed simultaneously decreases. The wave-speed decelerates and the wave-front is
eventually stopped inside the domain. The initially homogenous concentration profile
(representative of a resting cell) develops into a an asymmetric stationary front profile
(typical of a polarized cell).

The key characteristics of the wave-pinning mechanism can be highlighted by a special
shadow system, which consists of a reaction-diffusion equation on Ry x [0, 1] coupled to

an integral equation having the form
edpu — 2 Au = f(u,v),

1
v=K — / u dz,
0
with boundary conditions
Ozu=0, x=0,1. (1.2)

K is a positive constant. The scaling-parameter ¢ is thought to be very small (¢ << 1),

and the right-hand side f(u,v) satisfies the following properties:

1) Bistability. The dynamical system diu = f(u,v) has to be bistable for fixed v in

some parameter range vpyin < v < Upmax. The stable points are u_(v) < ui(v).

2) Spatial stability. The homogenous states (u4(v),v), Umin < v < Upax, are stable
states of system (1.1).

3) Mazwell condition. There is a value v, € [Umin, Vmax] for which the integral

I(v) = /u M(()) Flu,v) du

vanishes.

We briefly explain the model’s ability of wave-pattern generation. For a slightly different
access to wave-pinning, but an almost identical and a more detailed asymptotic analysis,
we refer to [33].

Consider the case where (1.1) is perturbed by the initial condition
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where ¢° is an element of (0, 1).

By using matched asymptotic analysis can be explained that the a wavefront-like solution
is generated and the location of the front is pinned within finite time. Let ¢(t) a position
in the interval (0,1) at time ¢ > 0 such that ¢(0) = ¢°. Assume that the solution of
(1.1) is analytical with respect to € in each subdomain (0, ¢(t) — ¢), (¢(t) — €, ¢(t) + ¢€),
(p(t) +¢,1) of (0,1).

Expanding u = ug + euj + ... and likewise for v, substituting the expansions into (1.1),

(1.2), and retaining leading order terms yield the outer solution:

. {m(vo), 0<a<olt) e
7 u—(vo), o(t)+e<az<1.

For the condsideration of the inner on (¢(t) — &, ¢(t) + €), a stretched coordinate ¢ =
(x — ¢(t))/e is introduced. The inner solution is denoted by U, where

U(C,t) = ult, (z — (1)) /e)

and ¢ € (—o0,00). Expansion of U = Uy + €Uj + ... and likewise for ¢, and substitution
into (1.1) leads in the leading order to the equation

O¢Us — dipo0cUs + f(Uo, vo) = 0, (1.3)
Inner and outer solution of ug match, if the solution of (5.27) adopts the limits
lim Up(C) = ut(vg), lim Up(¢) = u—(vo).
(——o0 ¢—o0

Since vg is spatially constant, can be shown that a heteroclinic solution Ug’ (¢, vp), unique
up to translation, exists. The profile of the solution is a travelling wave-front, having

the wave speed

u(vo)

-1
o) = ([ @cvgcm)ac) [T ss.w) d.
—0 u_(vo)

It can be shown that the speed c¢(vg) and the rate of change d;vy have opposite signs.
As long as c(vg) is positive depletes vy, until requirement 3) engages and the wave pins.
To the leading order, the result is a pattern with a plateau near u (vp) in the front of
[0,1] and a flat part near u_(vg) in the rear, mutually segregated by a sharp transition
zone.

Mathematical models for cell polarization relying on wave-pinning are commonly build
on the experimental observation that Rho proteins cycle between an active and an

inactive state, and that Rho is not resynthesized during the polarization process [§]. In
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a one dimensional domain Rho activation is modelled by the system

Ou — DyAu = f(u,v),
0w — DyAv = — f(u,v),

with zero flux boundary conditions, where u (resp. v) is the concentration of active Rho
(resp. inactive Rho).

In these models is supposed that the diffusion of inactive Rho is very fast. In the limit
D, — o0, the system above formally reduces to (1.1). Thus, the concentration of inactive
Rho becomes effectively a global variable, enabling the cell to communicate with its back

while changes of Rho activity occur at the front.

Model issues The presented models consider Rho based polarization as a purely
bio-chemical phenomenon. More in particular, Turing-based-, LEGI- and wave-pinning-
models are based on the assumption that chemical polarization precedes the mechanical
response of the cell and that mechanical cell responses have no upstream effect on the
biochemical polarization process.

However, recent experimental findings of the group of Weiner suggest that polarity due
to Rac activation in neutrophils is affected by mechanical effects [11]. There is evidence
that membrane tension confines active Rac proteins to the leading , and that a sufficient
decrease in membrane tension leads to an expiration of the activated Rac pattern.
Moreover, it has been shown theoretically and experimentally that in highly elongated
but still polarized neutrophils biochemical signalling cannot be responsible for polarity
patterns exclusively, since diffusive processes are too slow to serve as viable long-range
signal transmitters. Consequently, the demanded diffusion in the models is unrealisti-
cally high [11].

1.2 A mechanochemical model for cell polarization

In this thesis a model is presented that gives an account how biochemical and mechanical
signalling could interact as a self-stabilizing process in order to generate robust polariza-
tion in neutrophils. Although other proteins and lipids are involved in the polarization
of neutrophils [34] and several mutual crosstalk circuits have been identified [35], we
assume that only two types of Rho GTPases, namely Rac and RhoA, are decisive for
the control of downstream effectors for actomyosin dynamics.

Based on previous studies [8, 33], we model the Rho GTPase dynamics via reaction-
diffusion equations which include certain characteristics, that give them the ability of
wave-pinning. Wave-pinning systems are well suited to explain the mechanism of Rho
GTPase patterning in neutrophil polarization. As mentioned above, their mode of action
relies on a unrealistically fast diffusing inactive form and a slow diffusing active form of

the considered Rho GTPases. A possible aspirant to replace the fast diffusion form and
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to serve as a long-range signal transmitter for Rac is membrane tension, since tethering
experiments on neutrophils revealed that an an increase in membrane tension confines
Rac activity [11].

To take these phenomena into consideration, we incorporate membrane tension and its
generation due to dynamics of the actomyosin cortex (AMC) in our model to the Rho
GTPase circuit. The modelled kinetics of each considered Rho GTPase loosely relates
to [8]. Therein, GTPase activation relies on exchange of GDP by GTP, inactivation on
hydrolysis and dephosphorylation of GTP to GDP. Both processes are intrinsically very
slow and need the catalyzation by a GEF (guanine exchange factor) and GAP protein
(GTPase activating protein), respectively. As in [36] we assume that the effect of GEF
activity leads to an autocatalytic feedback of Rho activation while the GAP controlled
inactivation rate is assumed to be constant, provided both, GAP and GEF, are present
in sufficiently high amounts. Moreover, we hypothesize that increases in membrane ten-
sion globally lower the Rac activation rate and promote RhoA activation. A mutual
inhibitive feedback-loop between Rac and RhoA has been identified [35]. Taking this
into consideration, we explicitly model that Rac inhibits RhoA activation by affecting
the RhoA deactivation rate.

In order to describe AMC mechanics as simply as possible, we resort to an extension
of former models [37, 38] describing the cortex as a mechanochemical sol-gel complex:
Eliding the role of myosin filaments, filamentous actin (F-actin) is treated as an active
gel with viscous properties, while globular actin (G-actin) is regarded as a solute. Active
Rac mediates downstream effectors promoting G-actin to polymerize to F-actin. F-actin
treadmilling occurs at the front if a critical F-actin concentration is exceeded. We act
on the simplifying assumption that RhoA mediates myosin II cross linking and confor-
mational changes directly. Thus, in the model, myosin II induced AMC contraction
is directly controlled by active RhoA. Both in combination, F-actin treadmilling and
myosin II contraction, exert mechanical force that increases membrane tension. This
increase, in turn, suppresses Rac activation and promotes RhoA activation. In addition
to forces emanating from AMC dynamics, we assume that both, tension and curvature

related force act on the cell periphery. See Figure 1.1 for the model outline.

1.2.1 Goals of this thesis

The goal of this thesis is to present a minimal model explaining polarization as the
result of the interplay of the functional key units Rho GTPase activity, membrane ten-
sion, and AMC mechanics capturing the following qualitative key features of neutrophil

polarization [7]:

1) Spatial amplification. Neutrophils are able to sense both, steep and shallow exter-
nal gradients (where the difference between front and back receptor concentration
is as small as 1%-2%) within a vast range of concentrations. Polarization leads to

an amplification of this asymmetry to some macroscopic level.
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F1GURE 1.1: Model outline. An external stimulus triggers Rac activation. Rac acti-
vation promotes F-actin polymerization via downstream effectors. F-actin treadmilling
globally increases membrane tension. Membrane tension inhibits Rac activation and
promotes RhoA activation. RhoA a induces myosin contractions reducing membrane
tension. Rac activation is affected by external stimuli. Accumulation of active Rac de-
termines the cell front. Active RhoA is located in the dorsal cell, since Rac is supposed

2)

3)

"

5)

to suppress RhoA.

Maintenance. In neutrophils, polarity is maintained after the triggering stimulus

is removed.

Re-excitability. Polarized neutrophils remain sensitive to new stimuli, and can

reorient when the stimulus gradient is changed [17] .

Resolving conflicts. In response to multiple stimuli (such as two sources of chemoat-
tractant), neutrophils form multiple "fronts” in certain situations, and rapidly

resolve the conflict with a unique azxis of polarity.

Noise sensitiveness. Neutrophils can spontaneously polarize, that is, they establish

an axis of asymmetry in the absence of spatial cues.

In the model morphological changes of the AMC and Rho pattern formation affect each

other. With respect to this, the goal is to validate if the model is capable of a realistic

rendering of the cell shape and the location of Rho patterns under various circumstances.

As biological reasonable, we consider the following features:

6)

In response to a single chemical stimulus neutrophils develop a region of increased
Rac activity that defines the front of the cell. Directional cell movement is gener-

ated along the front-back axis with constant speed [39].

Migrating neutrophils develop a "V'"-shape with a broad front and a tapered rear
[40].

Neutrophils adopt a dumbell-like shape if two spatially opposite stimuli are applied
[11].

If the cell depolarizes, a spherical resting state is adopted [40].
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The proposed mechanism is designed to provide the characteristics of formerly intro-
duced wave-pinning mechanisms without relying on an unrealistically fast diffusive con-
trol substance, but on biologically reasonable mechanical long-range signal transmission.
Similar to other pattern mechanisms, a rigorous representation of the underlying pat-
tering mechanism of the model is due to its complexity difficult to achieve. However,
one goal of this thesis is to provide at least an heuristic account for the model-based

generation of Rho patterns.

1.2.2 Results

We demonstrate numerically that the model captures item 1) quite well within an ac-
curate range between steep and shallow gradients; 2) very well: due to the bistable
behavior, the polarized cell does not change the axis of polarity in response to weak,
new applied stimuli, but changes its polarity as soon as the stimulus is sufficiently strong.
The model exhibits feature 3) in response to a broad variety of different stimuli. In par-
ticular, repolarization in response to spatially fixed stimuli is captured well by the model.
However, the model does not exhibit reorientation properly, when the applied stimulus
varies in space. The model captures feature 4) only to a certain extent. If the distance
of the multiple fronts is sufficiently high, the model is capable to erase all but one fronts.
If the multiple fronts are closely neighboured, the model is not capable to generate a
single polarity front. 5) A minor limitation of the model is that it is not noise sensitive.
We numerically validate: 6) The polarized model cell adopts a constant migration speed
and evolves in a morphological steady state. 7) The interplay of the considered units
in the model generates a morphology that is similar to the "V"-shape of migrating neu-
trophils. 8) If two spatially opposite stimuli are applied, the cell adopts a dumbell-like
shape. Thereby two possible scenarios occur. Either one Rac activity front erases while
the other persists and the cell develops one single axis of polarity and adopts a V"-shape
or both Rac activity fronts erase and the cell readopts a spherical resting state (9).
The model cell has the ability to depolarize and to readopt a spherical resting state if
membrane tension is artificially increased. This is in accordance to suction experiments
where neutrophils with a polarized front depolarize if the cell body is highly elongated
[11].

Apart from the aforementioned goals the model exhibits a further feature: Some cell
types exhibit adaptation in a uniform stimulus, that is, the cells generate a persistent
response to a gradient of chemoattractant, but transient response to a temporal change
in a uniform stimulus [7]. To a certain extent the model captures this feature: The model
cell swells in response to a uniform stimulus and shrinks if the stimulus is removed.
Finally, the provided explanation of the patterning mechanism does not serve as a rig-
orous proof. However, the explanation conveys insights of the necessary characteristics
that endow to model to capability to generate patterns. We consider the explanation as

a suitable starting point for a more sophisticated analysis of the patterning mechanism.
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Scientific contribution of the model In general, the interplay between cell mechan-
ics and chemical signalling in the cell polarization process is a current state of research
and of great scientific interest, experimentally as well as theoretically [22, 41-43]. The
presented approach in this thesis contributes to the rising demand of models that pro-
vide a coupling of mechanical and chemical signal transduction [22].

The presented model exhibits novelties that differ form the aforementioned biochemical
models and is capable to generate patterns that do not rely on long-range diffusion.
The model considers the mechanochemical interplay of the functional units regarded as
necessary for cell polarization and cell movement in a two dimensional spacial setting.
Therefore the model does not only provide an account for Rho-based cell polarization,
but gives also an account how cell mechanics may affect polarity characteristics.

The model is not restricted to particular choices of the functions chosen in this thesis,
but rather consists of basic units whose modelling requires certain qualitative charac-
teristics. Thus, our approach provides a suitable framework for more complex models

aiming at mechanochemical cell polarization.

1.3 Thesis outline

In Chapter 2 a brief survey of the biological background of cell polarity and motility
is displayed. We confine ourself to describe the basal composition of the actomyosin
cytoskeleton, its role in cell motility, Rho GTPase signalling and its effect on the acto-
myosin cytoskeleton.

In Chapter 3 the mathematical model is derived. As a starting point, we consider
in Section 3.2 a three-dimensional spacial setting for the model geometry that consist
of a bulk region and two subjacent thin layers. The bulk region refers to the cytosol,
the two layers refer to the AMC and the plasma membrane, respectively. Under the
assumption that the model equations exhibit certain scaling properties, it is shown that
the spatially three-dimensional model can be approximated by an essentially spatially
two-dimensional model. In Section 3.4 a characterization of the domain is presented if
the domain has do be determined by a free boundary problem. Section 3.4 is devoted to
model the biochemistry of Rho GTPase activation and actin dynamics. The mechanical
features of the model are derived in Section 3.5. Mechanical modelling of the AMC
is loosely based on active gel theory. A brief survey about the theory is presented in
Appendix B. In Section 3.6 the obtained model equations are listed. Section 3.7
is devoted to a brief assessment of the model assumptions with respect to biological
relevance.

In Chapter 4 the simulation results of the model are presented. The considered param-
eters are presented and briefly discussed in Section 4.2. The response of the model cell
to both, transient and persistent stimuli is simulated. Moreover, we test whether the
model cell exhibits certain qualitative features as the ability to repolarize if the stimulus

relocates and the behavior of the model cell in response to different stimuli, as well as
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the ability to form multiple fronts. In Section 4.5 we demonstrate how the simulation
results are affected by parameter variations. In Section 4.6 the most important simu-
lation results are summarized and are compared to biological data. Finally we draw a
conclusion to what extent the model is capable to exhibit the demanded features listed
in Section 1.2.1. In Appendix C.1 a brief survey of the numerical implementation of
the model system is presented.

In Chapter 5 a phenomenological explanation of the patterning mechanism is presented.
A one-dimensional toy-model related to the original model is suggested for which we for-
mulate necessary conditions that may endow the model with the ability of wave-pinning.
The explanation is based on arguments provided by matched asymptotic analysis. It
is a priori not evident if the one-dimensional possesses a solution. In Appendix D we
proof that under certain conditions a solution for sufficiently small times exists.

In Chapter 6 we summarize the model and the obtained main results. We assess in
how far the model accounts to a reasonable approach for neutrophil polarization and
point out the most considerable limitations of the model. In the outlook, we briefly dis-
cuss experimental tests that can be used to verify the model predictions and highlight

possible extension of the model.



Chapter 2
Biological Background

The ability to migrate in response to external signals is an important feature of many
eukaryotic cells. Cell motility is necessary for foraging of single celled organisms and is
needed for immune response, wound healing and carcinogenesis in multi-celled organ-
isms. The social amoeba Dictyostelium discoideum migrates under starvation conditions,
relaying signals to one another to form aggregates. Immune system cells, such as neu-
trophils and macrophages chase after peptide gradients produced by bacteria. In wound
healing, Fibroblasts migrate in response to epidermal growth factors to the wound side
to remodel connective tissues. Cancerous cells develop the ability to scatter in response
to growth factors and invade surrounding tissue. Understanding the mechanisms that
enable the cell to sense external signals and directional migrate towards them is of a
great interest in cell biology. In this chapter a brief summary of the cellular actors that

contribute to cell motility is presented.

2.1 Actin-based cell motility

Under laboratory conditions, cell motility is usually studied on a flat substratum. Due
to the spatial assembly of the actomyosin cytoskeleton (AMC), migrating cells on a
flat substrate build a bulge. The bulge is called pseudopod (’false foot’). Movement is
generated by alternating extensions of the pseudopod and retraction of the cell body.
Consequently, pseudopodia are usually located at the front of the cell.

Pseudopodia are classified into several varieties (lobopodia, filopodia, lamellipodia, retic-
ulopodia, and aropodia), according to their optical appearance [44]. Neutrophils, in
particular, build a lamellipodium [45], a broad membrane protrusion, filled with a dense,
branched network of actin filaments. In migrating cells, the lamellipodium is propelled
forward due to treadmilling, i.e. a constant turnover of actin filament in which new fila-
ment polymerizes at the leading front. This endows the lamellipodium with a polarity,

since in the mean the actin filaments align towards the direction of movement. The

12
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FiGURE 2.1: Typical shape of a migrating neutrophil on a flat substrate from the top
view. The cell migrates to the left. The lamellipodium is located at the left hand side.
The concentration of actin filament (F-actin) decreases from the left to the right.

lamellipodium is flat (on the order of 1071 m) compared to the diameter of the cell (on
the order of 10° — 10'm) [46].

A further functional unit of the AMC is the lamellum. The lamellum is located in the
cell body and is attached to the posterior of the lamellipodium via actin filament. The
lamellum also consists of actin filaments, but lacks of a significant polarity of filament
alignment since the filament network is more interlaced arranged. Actin filaments in the
lamellum do not treadmill. However, in the lamellum myosin motor proteins bind to the
filament network and exert under energy consumption provided by ATP a contractile
force. The contractile force induces the tailing of the posterior cell edge.

In the presence of adhesion sites between the cell and the substrate, the interplay of the
continuous extension of the lamellipodium and the retraction of the cell body due to
myosin activity generates directional movement. The reorganization of the AMC that
generates movement also induces a morphological change of the cell shape. Resting neu-
trophils have a spherical resting state. In the initiation of movement the shape changes
to a broad flat arc at the leading front and tapered cell body [47]. See Figure 2.1 for an
illustrated top view on a migrating neutrophil.

In the next sections we will discuss the molecular structures and processes of the AMC
more in detail and highlight to role of Rho GTPases activity in the orchestration cell
motility.

2.1.1 The actomyosin cytoskeleton

Eukaryotic cells contain a cytoskeleton. The cytoskeleton can be subdivided into differ-
ent structures. In eukaryotic cells the cytoskeleton consists mainly of three different
types of filaments: microtubules, intermediate filaments, and actin filaments. Each
of these types carries different functions. Microtubules primary serve as a transport
medium of organelles. Intermediate filaments act as scaffold in order to stabilize the cell

shape and to connect multiple cells among each other. The network consisting primary
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FIGURE 2.2: Standard model for F-actin assembly and disassembly in the lamel-

lipodium. Due to an external stimulus, activated Rho (not shown) recruits downstream

effectors like the WASP /Scar and the Arp2/3 complex that promote under ATP con-
sumption actin polymerization and branching. The scheme is taken from [48].

of actin filaments is called actomyosin cytoskeleton (AMC). The AMC is a highly dy-
namic structure that is involved in the determination of the cell morphology and is one
of the key players in the locomotion machinery [49]. Thus, an analysis of the interplay
between cell polarity and cell migration requires a deeper understanding of the AMC.
On a molecular level, the AMC predominantly consists of actin monomers (G-actin),
actin filaments (F-actin) and myosin proteins. G-actin is a globular protein with the
ability to polymerize to F-actin. F-actin builds a chain with a length of approximatively
375 amino acids and a weight of approximatively 42 kDa. Each filament consists of
two proto-filaments winding around each other in a right-handed helical arrangement.
Controlled by the activation of the protein families WASP /Scar/WAVE and PAK G-
actin assembles to F-actin over three sequent phases: 1) nucleation, 2) elongation, and
3) treadmilling [48] (see figure 2.2).

1) In the nucletation phase G-actin forms actin nuclei. The nuclei are complexes of
three G-actin monomers. The nuclei predefine a polar structure of the filament. One
end is called ’(+)-end’ and the other is the '(—)-end’. 2) The elongation phase is char-
acterized through a rapid bonding of G-actin at the ’(+)-end’. In order to maintain the
polymerization process with a steady pool of actin filaments, G-actin dissociates from
the ’(—)-end’. Dissociation is mediated by cofilin, a protein which binds to F-actin at
the (—)-end, unwinds the helical proto-filaments of F-actin and dissociates in a complex
with G-actin from the filament. 3) The dissociation rate at the (—)-end is slower the
binding rate at the (4)-end [50]. The result is a steady state of actin assembly, where a
constant net flux of actin subunits throughout filament is conserved, even if the length

of the filament is kept constant. This steady state is called treadmilling.
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In motile cells extending a lamellipodium, the actin cytoskeleton assembles at the front
with the (4)-ends pointing towards the plasma membrane at the leading front and the
(—)-ends facing the cell body behind [50]. The force generated by the treadmilling pro-
cess of F-actin is transmitted to the substrate (in vitro) or to the extracellular matrix
(in vivo) via focal adhesions, respectively. Focal adhesions are linkings of F-actin and
membrane based integrins, that are interconnected by forming complexes with vinculin,
talin, and smaller proteins. Integrins are heterodimeric cell surface receptors. Moreover,
integrins mediate adhesion of cells to the substrate, the extracellular matrix as well as
to other cells. The cytosolic domain of an integrin is linked to the actin filaments of the
AMC [51].

A further characteristic of the AMC dynamic is filament branching. The Arp2/3 com-
plex, a protein family consisting of Arp2, Arp3 and five smaller proteins is a downstream
effector of Scar/WAVE that binds to sides of F-actin and nucleates to an assembly of
new filament branches [20]. Subsequent elongation of the branches forms a Y-shaped
structure with an angle of approximately 70°. The physical advantage of this Y-shaped
structure is the increased bending rigidity of a branched interconnected network in com-
parison to a parallel alignment of the filaments [52]. This characteristic is also supported
by the proteins a-actinin and filamin. These proteins crosslink neighboring actin fila-
ments and thus organize actin filaments into networks.

Aside from actin, myosin is the principal component of the AMC. Myosin is a subclass
of an enzyme family that catalyze hydrolysis of ATP, the so called ATPases. Myosin
has a F-actin binding affinity and the ability to move along the filaments. In particular,
myosin II, a member of the myosin family predominantly found in the cytoskeleton,
consists of a head domain (also called heavy chain) and a tail region (also called light
chain). Myosin II proteins form small aggregates (mini filaments) by binding to each
others tail region. The head domain of myosin II binds to F-actin. Thus a mini filament
can crosslink several actin filaments [53]. The head domain performs conformational
changes due to energy consumption provided by ATP hydrolysis. Thereby, the head
domain folds around approximately 40° relative to the tail region. In this way myosin
IT aggregates bound to the filament exert a contractile force to the network [23].
Myosin II induced ACM contractions take predominately place at lamellum. Compared
to the AMC located in the lamellipodium, the lamellum does not have the structure
of a branched network, but rather forms arc-like bundles oriented parallel to cell edge.
These bundles and focal adhesions form aggregates. When myosin II binds to F-actin
and undergo a change in conformation, contractile force is exerted to the underlying
substrate [45].

2.1.2 Ameobid motion

Cell migration on a flat substrate is commonly explained by the contraction-protrusion

model. Therein, the cooperation of F-actin treadmilling, myosin motor activity, and the
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F1GURE 2.3: Schematic representation of the mechanism generating cell locomotion.
Due to the strong adhesion at the cell front, F-actin treadmilling generates a protrusive
force that propels the leading cell edge forward. Myosin II motor aggregates, pre-
dominantly located at rear end of the lamellipodium, exert contractile stress to the
filamentous network. Since the adhesion to the substrate at the back of the cell is low
compared to the front, the contractile force induces the retraction of the posterior.

linkage of adhesion sites to the network are responsible to generate an ameboid motion
of the cell [45, 54].

At the lamellipodium, where the F-actin concentration of a moving cell is high compared
to the rest of the cell also the adhesion to the substrate is strong. The F-actin network
is anchored to the substrate via adhesions sites. In consequence, the fixation of filament
at the front enables the treadmilling process to generate a protrusive force propelling
the leading cell edge forward. In addition to the protrusion mechanism at the front,
a contractile stress is exerted along the filaments due to myosin motor activity. The
posterior of the cell does not resist the emanating contractile stress since the adhesion
sites are predominantly located at cell front and myosin motors mostly aggregate at
the rear end of the lamellipodium. Thus, the exerted contractile stress promotes the
retraction of the posterior. In combination, protrusion at the leading edge and retraction
at the back results in directional movement of the cell (see Figure 2.3) [45].

Although the strong adhesion at the leading front prevents the retraction of the cell front,
the anterior of the F-actin network is not completely unaffected by myosin mediated
contraction: A retrograde flow of F-actin induced by myosin contractions has been
observed in experimental studies [55]. The net flux of the AMC is oppositely directed
to the direction of motion of the cell. A possible role of this retrograde material flow is
that it clears the space between the network and the cell membrane and thus facilitate
the binding of G-actin at the tip of the filament located at the leading front. This would

promote the maintenance of filament treadmilling [55, 56].
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FIGURE 2.4: Downstream effectors of Cdc42, Rac, and Rho. Effectors that have func-
tions unrelated to the cytoskeleton are not shown. The scheme is a modified version of
the scheme presented in [57].

2.2 Regulation of cell motility: Rho GTPases

Rho GTPases are members of the GTP-binding proteins (G-proteins) superfamily, which
are conserved across a broad range of eukaryotic cells [16, 17]. G-proteins are an im-
portant class of cell messengers containing a GTP-binding domain that function as
molecular switches. Rho GTPases have a molar mass of 20-40kDa.

Rho GTPases relay external stimuli to the AMC and thus provide a coupling link be-
tween external stimuli and the interior of the cell. Rho proteins do not directly interact
with the AMC, but bind to downstream effectors, which regulate the AMC [58, 59].
Common to the diverse families of GTPase is the cycling between an active state and
an inactive state. Rho GTPases must be bound to GTP in order to become activated:
GTP-bound Rho proteins undergo a conformational change such that they can interact
with downstream effectors.

Besides the activation-inactivation cycle there is also a spatial cycle: in the cytosol
almost all Rho GTPase is inactive whereas the active state is only present at the mem-
brane.

The most prominent and best studied subclasses of Rho GTPases are Cdc42, Rac, and
RhoA [13]. In motile cells Rac and Cdc42 affect F-actin polarization and F-actin align-
ment in the AMC: Active forms of Rac and Cdc42 stimulate via the Scar/WAVE complex
Arp2/3 activation [13]. Arp2/3, in turn, stimulates actin polymerization. Moreover, the
active forms of Rac and Cdc42 trigger PAK and LIM to interact with the AMC [13].
These proteins contribute to the branching of the actin network [48].

Active RhoA targets at the myosin-filament interaction. Active RhoA induces the phos-
phorylation of the light chain of myosin (MLC) via its downstream target ROCK. Phos-
phorylated MLC promotes myosin motor linkage to the actin network and so produces
contractile actomyosin bundles [60]. See Figure 2.4 for details of the Rho GTPase me-
diated regulation of the cytoskeleton. However, it should be mentioned that the signal

transduction is even more complex than displayed. The listed activation and inhibition
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FIGURE 2.5: A schematic diagram of the activation and membrane translocation cycles
of a Rho family GTPase. Active Rho is bound to GTP-bound. Inactive Rho is bound
to GDP. Translocation of Rho from the membrane into the cytosol is induced by the
binding of Rho to GDI. Dephosphorylation from the GDP-bound to the GDP-bound
form is facilitated by GEF. Phosphorylation of GTP to GDP is facilitated by GAP.
Rho-GDP forms a complex with Rho GDI and detaches from the membrane.

pathways can change their role under certain circumstances and mechanical upstreams
of the AMC have been observed [43, 61].

Rho activation. Throughout the Rho GTPase subclasses Rac, Cdc42, and RhoA sev-
eral key-properties are shared.

Rho GTPases can form complexes with GTP (Guanine-tri-phosphate) and GDP (Guanine-
di-phosphate). Rho GTPases act as cell internal messengers. Their cycling between a
GTP- bound and a GDP-bound state has the role of a molecular switch: GTP-bound
Rho is the active and GDP-bound Rho is the inactive state.

FEach Rho GTPase cycles between a GTP- and a GDP-bound state. Interconversion be-
tween these states is due to hydrolysis followed by dephosphorylation of GTP to GDP or
the exchange of GDP by GTP, respectively. Being intrinsically slow processes, GDP-to-
GTP-exchange is catalyzed by GEF (guanine exchange factor) and dephosphorylation
is catalyzed by GAP (GTPase activating protein) [62, 63]. GTP-bound Rho is known
to recruit GEF-effector complexes [64].

Moreover, GEF is regulated by an upstream signal. In response to chemical stimulation
of integrins and receptor tryosine kineases located at the plasma membrane, GEF accu-
mulates at the leading front of a motile cell [65]. In eukaryotic cells GEF outnumbers
Rho protein by a threefold, such that multiple GEFs are capable to activate one single
Rho protein [66].

The second regulator of Rho activity, GAP, affects the rate of phosphorylation of GTP
to GDP. Phosphorylation of GTP to GDP leads to a conformational change of the Rho
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protein, such that the protein GDI (GDP dissociation inhibitors) can bind to Rho-GDP
complexes.

While GTP-bound Rho proteins are predominantly located at the cell membrane, GDP-
bound can detach from the membrane: Membrane attached, GDP-bound Rho binds to
GDI. GDI dissociates the complex from the membrane and prevents re-association [67].
Although it is less clear how Rho GTPase is decoupled from the complex with GDI
and how it associates to the membrane again, mediation by a GDI displacement factor
(GDF) as a possible mechanism has been proposed [68].

It is assumed that RHO proteins need to be both, membrane-based and bounded to
GTP in order to interact with downstream effectors that affect the cytoskeleton. In
the following we refer to membrane based, GTP-bound Rho-GTP as the active and to
GDP-bound Rho as the inactive form.

Rho GTPase pattern formation. FEukaryotic cells have spatial gradient sensing
(unlike bacteria, which use a temporal mechanism), that is, they can detect chemical
concentration gradients [7]. In response to external chemical gradients (e.g. a ligand
like cAMP) transmembrane receptors like integrins activate Rho GTPases. In motile
cells Rac and Cdc42 are predominantly activated where the ligand concentration is the
highest [69, 70]. In this way Rac and Cdc42 predefine the location and alignment of
the lamellipodium. Active RhoA predominantly accumulates at the posterior, where it
triggers myosin induced contractions promote the tailing of the back [71, 72].

From a general point of view is the directional redistribution of Rho proteins due to
external signals a symmetry break: Formerly homogeneously distributed substances be-
come more concentrated (or activated) in what will become the front of the cell, and
others become more concentrated in what will become the back of the cell. With respect
to Rho GTPases this symmetry break is called cell polarization. The interplay of the
processes that generate the symmetry break is experimentally not easy to determine,
although many contributors of the activation process are known. On a macroscopic

level, various features of polarization are shared by many cell types [7]:

1) Cells are able to sense both steep and shallow external gradients (where the differ-
ence between front and back receptor concentration is as small as 1%-2%) within
a vast range of concentrations. Polarization leads to an amplification of this asym-

metry to some macroscopic level.

2) Polarized chemotactic cells remain sensitive to new stimuli, and can reorient when

the stimulus gradient is changed.

3) In many types of cells, polarity is maintained after the triggering stimulus is re-

moved (maintenance).

4) Some cells spontaneously polarize, that is, they establish an axis of asymmetry in

the absence of spatial cues.
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5) Some cell types exhibit adaptation in a uniform stimulus, that is, the cells generate
a persistent response to a gradient of chemoattractant, but transient response to

a temporal change in a uniform stimulus.

6) In response to multiple stimuli (such as two sources of chemoattractant), some
cells form multiple fronts in certain situations, whereas others rapidly resolve the

conflict with a unique axis of polarity.

7) In some cells, pseudopods are continually extended and retracted. Some of these
types of cells reorient by splitting one pseudopod into two, one of which becomes

dominant.

Budding yeast, Saccharomyces cerevisiae, exhibits features 3),4),6). The social amoeba
D. discoideum exhibits features 1)-5), and 7). Mammalian neutrophils polarize and di-
rectionally migrate in response to N-formylated peptide gradients produced by bacteria.
These cells exhibit features 1)—4), 6). Some evidence suggests that in neutrophils feature
3) requires an intact AMC and plasma membrane. We will highlight this requirement in
the next section. Successful mathematical modelling that provides possible qualitative

characteristics of interacting contributors has to reflect some of these features.

2.3 The plasma membrane and membrane tension

In eukaryotic cells the plasma membrane confines the interior of the cell from the exter-
nal environment. Although it prevents the cytosol from deliquescence into the external
environment, the plasma membrane is far from being a passive participant. The plasma
membrane regulates processes as endo- and exocytosis, and serves as a signalling link be-
tween the external and the internal of cell. As already displayed in Section 2.2 messenger

proteins, lipids, integrins, and Rho GTPases are associated at the membrane.

Signal transduction via mechanical changes of the plasma membrane In re-
cent years it has come clear that the plasma membrane does not solely communicate
via biochemical pathways with the interior cell and the external environment. Also
communication via mechanical signal transduction and, moreover, via mechanochemical
interactions of the plasma membrane is crucial for the organization of eukaryotic cells
[73]. Some evidence suggests that in neutrophils and fibroblasts changes of membrane
tension contribute to cell motility and Rac signalling [11, 74].

For neutrophils in particular, it has been experimentally validated that membrane ten-
sion serves as a long-range deactivator for Rac [11]. The authors of [11] found that mem-
brane tension doubles during leading-edge protrusion, and that this increase in tension
is sufficient for long-range inhibition of actin assembly and Rac activation. Moreover,

they reported that a decrease of membrane tension causes uniform actin assembly. In
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consequence the authors suggest that tension, rather than diffusible molecules generated
or sequestered at the leading front, is the dominant source of long-range Rac deactiva-
tion.

However, the molecular mechanisms by which cells sense and respond to mechanical
signals are not fully understood yet. Several concepts of membrane tension induced
chemical response have been proposed. Mechanosensitive channels in the plasma mem-
brane, curvature sensing proteins, and actomyosin cortex associated proteins are possible
aspirants for the missing link (see [43] for a review). We will reconsider these concepts

more in detail in the discussion of this thesis.

Mechanical features of the plasma membrane From a theoretical viewpoint the
plasma membrane is commonly described as a lipid bilayer in which proteins are thought
to diffuse freely [75]. This lipid bilayer has low shear modulus of the magnitude 1073~
10*2N/m2, and a high elastic modulus of the magnitude 103N/m2. The viscosity and
the bending stiffness of the lipid bilayer vary in dependance of the membrane composi-
tion. The viscosity of membranes in vesicles has the magnitude 10>-103Pa s, while the
bending stiffness is of the order of 1071 Nm (see [43] for a review).
In the literature membrane tension is not uniformly equal defined. However, most defini-
tions have in common that the notion membrane tension is related to the required force
in order to deform the membrane. A definition of membrane tension which is frequently
used aims at the elastic properties of the membrane. This approach was initially used
for the measurement of tension of lipid vesicles [76]. Presuming the membrane is an
isotropic, two dimensional, flat medium with a linear elasticity, the membrane tension
7* is defined to be proportional to the deviation of the cell surface area A + AA area
from its value A at rest:

. EA + AA7

A

where F is the elastic area stretch modulus and A is the surface area of the vesicle.
In eukaryotic cells the structure of the plasma membrane is more complex than in lipid
vesicles. Eukaryotic cells contain an actomyosin cortex beneath the membrane. The
cortex is a layer of actomyosin that runs parallel to the membrane at the cytosolic
side. The cortex is attached to the plasma membrane via actomyosin adhesions [43].
Similar to the ACM, the actomyosin cortex is in constant turnover and influences the
configuration of the membrane: The actomyosin cortex activity causes membrane ruffling
and wrinkling. It has been argued that large changes in plasma membrane tension
primarily reflect changes in actomyosin activity [77]. In experiments it is hard to distinct
between the elastic portion of the plasma membrane and the force impact of the cortex
[43]. Therefore in experimental settings the apparent tension T is often measured. The
apparent tension is based on the assumption that the membrane-cortex-complex behaves

like an elastic material, such that 7 can still be written to the linear order as

A+AA

T=FEp, A )
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where E,, is the apparent elastic area stretch modulus. The apparent elastic area stretch
modulus varies from cell to cell and also depends on the properties of the cortex. The
apparent stretch modulus is usually lower than the elastic modulus of the membrane
itself since the cortex provides the membrane with wrinkles that unfold if the membrane

is stretched.



Chapter 3

Mathematical Formulation of the
Model

3.1 Cell geometry

Consider a cell adhering to a flat substrate. The AMC spreads along the horizontal plane,
parallel to the substrate, like a thin sheet. The intermediate layer between the actin
area and the substrate is the plasma membrane. The cross section of the superposed
layers consist of the substrate itself, the plasma membrane, the AMC, and the cytosol,
see Figure 3.1. We assume that these layers comprise the functional units of the cell
that are sufficient for robust cell polarization.

The average diameter of a neutrophil on a surface is about ~ 10um. The height of
the cell is about ~ 0.1 — 0.2um [46, 53]. We aim at a description of the AMC-cytosol-
plasma-membrane compound as a two dimensional sheet embedded in the xi-z2-plane.
Both, the AMC and the plasma membrane are highly heterogenous structures. We
will assume that considered proteins may diffuse without restriction in the tangential
direction of each layer, while the diffusion in the normal direction is constrained due to

the heterogeneity of the plasma membrane and the AMC. In the cytosol, however, we

X3

Cytosol w actomyosin

plasma membrane
mmmssm  substrate

» X

FIGURE 3.1: Schematic cross section of the contact layers between substrate and cell

from a sideview. The top layer is the AMC. The intermediate layer represents the

plasma membrane, where active form of Rho is located. The bottom layer stands for
the substrate.

23



Chapter 3. Model Equations 24

assume that the substance may diffuse freely in every direction. In each compartment
chemical reactions may occur.
In the next section we will give an account for the assumptions that enable us to consider

the plasma membrane and the AMC as effectively two dimensional sheets.

3.2 A boundary-layer approximation for a parabolic-elliptic

system

In this section, we argue that we may reduce a spacial three dimensional problem on
two thin heterogenous layers to an effectively two dimensional problem in space. Our
model problem consists of a semi-linear reaction diffusion system defined in each layer
with transmission conditions on the interfaces and a diffusion equation in a bulk domain.
The heterogeneity of the layers induces a fast diffusion in the tangential direction but a
slow diffusion in the normal direction of the interfaces. We assume that the thickness of
each layer is of order € and the diffusion in the normal direction towards the interfaces
is of order e'*2/ [ > 1/2,

3.2.1 Scaling properties of the system

For the lower-dimensional approximation we assume that the considered substances in
the plasma membrane and in the AMC possess certain scaling properties whose biological
reasonability will be discussed below.

In biochemistry, concentration is the abundance of a constituent with respect to the unit
volume. As approximation, we seek a scaling property of the concentrations, such that
the amounts of the substances are conserved if the height of the layer € changes. Let ny
be the amount of a substance U contained in the unit volume [0, 1]3. The concentration
of U is

Let [0,1)% x [0, ¢] be a reference volume of a layer having the height €. If the amount of

a substance is conserved, the concentration is

ny 1 ny :}u

0,12 x [0,e]] — ][0, 1]3] ¢

=

In the following section we will consider concentrations having this scaling property. We
model the actin and Rho-protein kinetics as reaction-diffusion systems.The considered

reaction functions are of the form

fu) o< by (ur)ug — k—(us)ua,
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where k4 (-) are either Michaelis-Menten-type-functions of order two or constants. In

the first case we have with respect to the unit volume

ui

ki(u1) = ——,
K2 +u?

where the apparent dissociation constant K is derived from the law of mass action (the
equilibrium constant for dissociation). Let wj, w, and z be the concentrations of the
protein U, the ligand L, and the product Z at homogenous steady state, respectively.
From the law of mass action, the apparent dissociation constant K is an equilibrium

constant, having the form:

ugw?

K(uj,w,z) =

z

Since we assumed that the amounts of the substances are conserved in [0, 1]? x [0, ], we

obtain the scaling property
o 1
K(ula w, Z) = EK(ula w, Z)a

where the bar ~ denotes the concentration of the substance in [0, 1]? x [0, ¢]. Consequently,

the reaction functions have the scaling property

Both, the plasma membrane and the AMC are highly structured media. Rho proteins
bind to the plasma membrane and the Rho-receptor-complex diffuses tangentially to
the membrane. Since Rho proteins are relatively big, diffusion in the normal direction
to the membrane is highly attenuated due to the composition of the membrane [78].
We assume that, depending on the height of the layer e, the diffusion normally to the
membrane is of the order €', I > 0, while the diffusion tangentially to the membrane
remains independent of €.

The AMC consists of a dense polymer network that aligns parallel to the plasma mem-
brane. Diffusion in the normal direction may be constrained due to the density of the
network. As in the plasma membrane, we assume that, depending on the height of the
layer ¢, the diffusion normally to the AMC is of the order €2, I, > 0. However, we
assume that diffusion parallel to the network is unaffected by the thickness of the layer.
In the following section, we present a reaction-diffusion system defined on three compart-
ments with variable height on each domain and transmission conditions. The presented
reaction-diffusion system has the assumed scaling properties. We will determine the
scaling-powers {1 and [lo, such that in the limit € — 0 fluxes between the compartments
vanish and the occurring reaction-diffusion equations in the AMC and in the plasma
membrane reduce to spatially two dimensional systems. The dimension of the solutions

of the limit equations in the layer transforms from volume density to area density.
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a) YA b) YA
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Q?
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Y S? b2
0 d > X 0 L > X

FIGURE 3.2: a) The domain Q for ¢ > 0 including the thin layers Q! and Q2. The
bulk domain QY represents the cytosol, the layer Q! represents the AMC, the layer Q2
represents the cell membrane. b) The structure of the domain € in the limit € = 0.

3.2.2 Setting of the problem

Let € > 0 be a sequence of strictly positive numbers tending to zero, with the property
% € N. Let H be a fixed real number.

For each £ > 0, we consider the domain Q = (0,1)"! x (0, H) C R", n > 2, consisting
of three subdomains: The bulk region Q0 and the thin heterogeneous layers QL, Q2. Q0
and Q! are separated by the interface S; Q! and Q2 are separated by the interface S2;
see Figure 3.2 a.

More precisely, we consider
Q=Qulutus!us?

where Q0 = (0,1)" ! x (2¢, H), Q! = (0,1)"! x (g,2¢), Q2 = (0,1)"! x (0,¢), S} =
(0,1)" 1 x {2e}, S} = (0,1)""! x {e}. We denote

¥ =(0,1)""1 x {0}.

The outer unit normals at the boundaries of the domains © and Q! are denoted by v
and vq, respectively. If there is no likelihood of confusion, we will simply write v instead
of v1. For z € Q, we set x = (2',5), where 2’ € (0,1)"" !, y € (0, H), and we write for
u:R—=R w:R* =R

Vot = (01, ..., Op_1u,0)T, Vyu = (0, ...,0, o)t

n—1
Apu = Z Ou, Ayu = 02u,
i=1

n—1
divyw := Z Oiw;, divyw := 0, Wy, .

=1
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Let [ > 1/2 and let I = (0,7), T > 0, be a time interval. We consider the following

reaction-diffusion system for the unknown vector us = (U1e, ooy Ume) : I X Q@ — R™ :

atu‘;s —div (D?Vugg) = fO(u?) in I x QY

é@tu}g — %divm/ (D}-Vm/u}g) + 51+21divy (ﬁjvyu}g) = % jl (u;) inl x Q;, (3.1)
éatugg _ %divx’ (Djzvxlujze) 2y, (E?vyuf.g) = é ? (ug) in I x Q2
with the boundary conditions
Vuje-v =0 on 09, (3.2)
and the initial condition
ue(0,2) = Us(x) x €. (3.3)

On the interfaces S} and S? we impose natural transmission conditions for wu., i.e the

continuity of the solution and of the transversal fluxes:

ul = ul on S,
D?Vu?(E V= 51+21Vu}-5 7 on S}, (3.4)
ul = u? on S%, '
Vu]le V= Vu?s ‘v on SZ.

3.2.3 Variational formulation of the problem

The variational formulation of problem (3.1)—(3.4) is given as follows: Find
ue 1 I x Q@ — R™,

such that u. € L?(I, L*(Q,R™)), du. € L*(I, L*(Q,R™)), and for almost every t € I
and for all ¢ € L?(I, H'(£2,R™)) holds

1 k
/QO atU?EQDj dx + /QO D?Vug-)aV@j dr 4+ Y3, (5 /Qk Oy p; d:r)

| _
52 <€ /Q DIVt Vo, d:v) +32, ( /Q DYk Vg da:) (3.5)

1
=¥ (E /Qk fi (Uf) @j dl‘) + /Qg fi(ud)p; da.

Moreover, the initial conditions

ue(0,2) = Us(x) for ae. x € Q (3.6)
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need to be satisfied.

3.2.4 Assumptions on the data.

We assume that the diffusion coefficients
0 i P W,
Dj(x), Dj(z"), Dj(z',y/e) >c>0 forae z=(z',y)

are essentially bounded functions on Q2, and Q% (i = 1,2), respectively. For the initial

function U, we assume that
Ui, € H*(QL) N LX), i=0,1,2,

satisfy the boundary conditions (3.2) and the compatibility conditions (3.4), and that

the following estimates hold:

1, R .
ZalUielzz@y + 2 IVUiellzaay <€ (1=1,2), (3.7)

We assume the reaction terms f; : R™ — are Lipschitz continuous. Moreover, we assume
that ¢ >0, C > 0,1 >1/2, and M > 0 exist such that

f;(z) <czj forz; > M,

and

m

Y F)(z)- <O |(z)-F,

j=1 J=1
where (z;j)— := min(z;,0).
Then, for each € > 0 a unique solution (uc,u.) exists, where
wj. € L*(I, H(2)) N L>=(I x Q),
Ouje € L*(I,L*(Q)), (3.8)
vje € LA(I, H'(QL)) N L>®(I x Q}),
If the initial conditions for u. are a.e. non-negative, the solution u. is a.e. non-negative.

The assertions can be achieved by usage of standard techniques and the a priori estimates

provided in the proof of the following result.

3.2.5 Statements

The main result of Section 3.2 is, roughly spoken, that the solutions of the system

above converge to solution of a reaction-diffusion system defined in the bulk region and
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and to solutions of a parabolic-elliptic system in defined the limit-layer for e, and the

subsystems do not interact with each other. More precisely it holds

Theorem 3.1. Fore — 0 a sequence u. of solutions of (3.5), (3.6) and a limit function

ug exists which is a weak solution of the problem

Ol — div (DIVudy) = f2(u) in T x Q, (3.9)
Opujo — div (Dgl‘ Vu}o) = fjlug) in IxY, (3.10)
Oy — div (DIVudy) = f2(ud) in I x ¥, (3.11)

with the initial conditions

ud(0,-) = Uy in Q, (3.12)
uy(0,) =U}  in Y, (3.13)
ul(0,) =Uz inY, (3.14)
and the boundary conditions
8,,u? = on I x 00/%, (3.15)
Bl,ujl- = on I x 9%, (3.16)
8,,u§ =0 onlx0Y, (3.17)

The solution ug s unique.

The proof Theorem 3.1 is presented in Appendix A.4.

We assume that the considered reaction-diffusion equations in the model satisfy the
required scaling properties on each compartment, such that we can treat the plasma
membrane and the cytosol as a two dimensional sheet. The proof can be extended easily
for more complex domains of the form € x (0, H), where Q C R"~! is a convex Lipschitz-
domain. For the next section, we assume that the approximation still remains valid if
Q(t) C R? is time-dependent.
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3.3 The cell geometry described as a moving boundary

problem

One feature of the model cell is the ability to transform the shape in response to ac-
tomyosin activity. Both, the position of the cell relative to the substrate, and the cell
shape itself may change. Thus, the domain that describes the geometry in the x1-zo-
plane may change its shape in the course of time. To indicate this, we denote at time
t € R, the cell area by an open domain €; C R?, and the circumferential cell boundary
by Ty := 0€);. For the initial time ¢ = 0, we suppose a spherical resting cell area 2y with
radius Ry:

Q= {z = (21,22) € R?: [[ala < Ry}

The AMC is connected to the substrate via adhesion sites. We assume that local dis-
placement of the actomyosin cytoskeleton induces the colocated local displacement of
the cell relative to the substrate. Thus, the model cell is convected and deformed by
the velocity field v, which describes the material flux of F-actin. More precisely, we
assume that the boundary of I'; is convected by v along the outward normal unit vector

n = n(t,z) of I'y. From this, we obtain the Stefan condition:
Vio=wv-n, only, (3.18)

where V,, denotes the a priori unknown normal velocity of the boundary. Hence, the a
priori unknown shape of the model cell €; at time ¢ is defined as the enclosure of I';.

In a polarized cell, the F-actin concentration in the lamellipodium is higher than in the
cell body. We identify the lamellipodium as the subdomain of €);, where the F-actin

concentration a(t,x) exceeds a threshold agp,:

o =00 (T Talt,2) > ame})

The boundary segment of the lamellipodium is denoted by T'} := 9QF. The cell body
is the remaining subdomain QF := Q;\QF and the corresponding boundary segment is
B =T\t

The corresponding time-space cylinder for the evolution of the domain €2; is denoted as

0 = (e x ).

tel

The time-space cylinder with respect to the boundaries is

D) = |J ({t} x Tv).

tel

The subdomains QB (t), QF(t) and T'B(t), I'*(t) are defined analog.
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3.4 Chemical signalling

We model the biochemical processes of Rho-GTPase activation and actin polymerization
by reaction-diffusion equations. If we describe reaction-diffusion equations on the moving
domain Q(t) in Eulerian coordinates, the equations receive an additional advection-
dilution term [79]:

Let U denote the concentration of a considered substance, let f(U) be a reaction function
and let J(U) = —DVU be the occurring diffusive flux. Let v = v(t, 2(¢, z0)) € R? denote
the flow by which the material point xg € g is in €y convected. Let V; C €4, t > 0, be
a sequence of open, regular subdomains, such that z(t,z¢) € V; iff 2/(¢t) = v(t), t > 0
and z(t) = zp € Vp C Q.

The conservation equation in integral form is given by

jt/VtU(t’x(t’xO)) dr = thiv(DVU)—irf(U) de.

Application of Reynolds’ transport theorem on the left-hand side yields:

4 Ul(t,z(t, z0)) do = / [0:U + div(Uv)] dz,
dt 7 1A

Since V; C €, is arbitrary, the equation above is equivalent to
U — div(DVU) + div(Uv) = f(U) on Q(t). (3.19)
If U is conserved in the cell, we obtain zero-flux boundary conditions:
(=DVU +Uv)-n=0 onI(t), (3.20)

where n = n(x(t)) denotes the outward unit vector at the boundary T’y of the cell-domain.

3.4.1 Rho GTPase dynamics

Although other proteins and lipids are involved in the polarization of neutrophils [34]
and several mutual crosstalk circuits have been identified [35], we act on the assumption
that only the GTPases Rac and RhoA are decisive for triggering downstream effectors
that regulate AMC activity. Based on the derivation of the former section, we restrict

ourselves to the investigations of processes in plasma membrane only. We formulate a
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system of PDEs for the following unknowns:

uy : Q(t) - R concentration of Rac-GTP,
ug : Q(t) = R concentration of Rac-GDP,
wy : Q(t) = R concentration of RhoA-GTP,
wy : Q(t) — R concentration of RhoA-GDP,
z1:Q(t) - R concentration of GEF-GTP-Rho complexes,
z9 : Q(t) - R concentration of GEF,
a:Q(t) - R concentration of F-actin,
b:Q(t) - R concentration of G-actin,
mp : Q(t) - R concentration of myosin-II-F-actin-complexes.

Physical units are given by

mol

Q, ’L:1,2

[ui] = [wi] = [zi] = [a] = [b] = [mF] =
Much more extended sets of variables could be considered here. In particular we do not
explicitly take into account the cascade of downstream effectors and GAP concentrations.
The inactivation process will be described implicitly and the concentrations of GDP-

bound Rho will be approximated by a constant amount.

Reaction kinetics

We assume simple mass action kinetics or a Hill type law for catalyzed reactions. With
respect to the scheme presented in Figure 2.5, for the change of concentration of the
above variables due to reactions we prescribe the following equations. Our choices for
the biochemical interactions are similar to the models in [8, 36]. Based on findings of
Houk et al. [11], we additionally suggest that membrane tension inhibits Rac activation,
and in accordance to [35] we incorporate an inhibitory feedback from Rac on RhoA.
Moreover, we hypothesize that increasing membrane tension promotes RhoA activation.
The concentration of GTP-Rho is increased by the activation process, which is catalyzed
by GEF. Additionally, slow Rho activation also occurs in the absence of GEF (in the
following modelled by the rate k1). For the corresponding rates we assume that they
are proportional to the GTP-Rho concentration and the concentrations of the catalysts.
Vice versa GTP-Rho is produced by the inactivation of GDP-Rho. Since we have not
taken the GAP concentration into account, we here assume a rate §; for GAP mediated
Rho inactivation which is constant with respect to the GEF concentration. The change

of u1 due to Rac activation we therefore describe by

[8tu1]reaction = k1u2 + k322u2 - 61“1-
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Each GEF has two Rho-specific binding sides and a cooperative binding of active Rho to
GEF complex formation has been experimentally verified [80]. Then complex formation
and dissociation lead to the following laws for the concentration of the complex and
GEF

[atZQ]reaction = kz@'l“% — k529,

2
[atzl]reaction = —k42’1u1 + k5327

We assume that the complex formation is fast compared to the whole activation process.
Thus, we use a quasi-steady state approximation for the complex formation. If we

proceed as in [81], this approximation yields

2
Y1U7y

—_nm 3.21

22
where 7, is the concentration of z; + 29 at steady state and K; = k5/k4. From this we

obtain the simplified kinetics for Rac activation:

2
Y1u7

7 1
[8tu1]reaction = k1u2 + kSm”Q - 61“1-

Since Rho activation cycling is conserved through the subclasses Rac and RhoA, RhoA
activation via GEF catalyzation and GAP mediated RhoA inactivation are similar to
the kinetics discussed above. If we assume first oder kinetics and also use a quasi-steady
state approximation for GEF-RhoA complex formation, we obtain for RhoA activation
the same kinetics as for Rac (apart from the specific values of the rates). Moreover,
GTP-Rac is an inhibitor for RhoA activation. The choice of the particular inhibitory
function is to a large extend arbitrary. We here assume a Hill function of second order
with respect to u; as a pre-factor for the GAP mediated inactivation kinetics. The

change of wy due to activation is described by

2
Yowy doug

w
K2 + w?

[atwl]reaction = E2w2 + ke

where ks is the activation rate for RhoA that is not catalyzed by GEF, the factor of ws
in the second term models the GEF-catalyzed activation of RhoA, and the factor of wy
in the third term combines the GAP-mediated RhoA inactivation and the GTP-RhoA
suppression due to GTP-Rac.

We model the inhibition of Rac activation due to increasing membrane tension by the
assumption that the activation rates k; and k3 depend on the amount of tension 7, such

that k; and k3 monotonously decrease if the tension increases. To capture this feature,
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we suggest that these rates can be written as

where hq(7) is a monotonously decreasing function with respect to 7 and k; is a propor-
tionality factor. hj(7) will be specified in Section 3.5.4. In the model, tension generation
primary dues to the recruitment of downstream effectors of active Rac. Moreover, active
Rac is inhibitory for RhoA activation even at long ranges [82]. However, Rac mediated
long-range inhibitors for RhoA are currently unknown. We hypothesize that active Rac

constrains RhoA activation implicitly via tension by setting

ka(T) := ha(T)ka,
ke(T):=h

[\
—~

B
~—

where ho(7) is a monotonously increasing function with respect to 7 and ks is a propor-
tionality factor. ho(7) will be specified in Section 3.5.4.

Finally, we assume that both, GDP-Rac and GDP-RhoA, are homogeneously distributed
and are present in the plasma membrane in sufficiently high concentrations such that we
may approximate ug and ws in the reactions by constants. We set w.l.o.g. uo = wo =1
and consider the actual values of ug and wy implicitly in the fitting of the respective
rates. Based on these assumptions, we obtain the simplified reaction functions for Rac

and RhoA activation:

_ it _
[8tul]reaction = hl (7—) kl + - 61“1 = fl(Ta Ul),

Ky +u?
i . (3.22)
2% 2% o
(0w ]reaction = ha(T) (k‘Q + e —|—w%> e T2 wy = fo(7,u1, wr).

Remark 3.2. In the further course we simply write u instead of u; and w instead of w;.

Properties of the reaction functions

To a large extend the particular choices of the kinetic functions used in our model are
arbitrary. However, the reaction functions need to exhibit certain characteristics to
achieve the wave-based patterning mechanism we aim at. In this section we briefly
render the basic requirements, such that we can define initial values for model cell at
rest. We refer to Chapter 5 for a more detailed discussion of the requirements on the
reaction functions.

A necessary feature is that the kinetic function f; of Rac activation has a biologically
reasonable parameter regime in which bistability with respect to the variable u occurs.
More precisely, it is required that the dynamical system d;u = fi(7,u) is bistable for

fixed 7 in a parameter range Timin < T < Tmax, 1. for fixed 7 € (Timin, Tmax) the reaction
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fi(m,u) = 0 has three roots
U < Upy < Uy

and
Ouf(m,u—(1)) <0, Ouf(T,um(7)) >0, Ouf(r,us(r)) <0

holds. The initial tension 7 = 7y has to be contained in (7yin, Tmax). The stable points
are u_(7),u4 (7). The unstable point is u(7). It holds u_(7) < ue(7) < uy (7).
A requirement for the function fo of RhoA activation with respect to the initial values

is that
fo(r,u,w) =0

has for fixed 7 € (7—,74) and u(7) = u_(7), a unique homogenous solution w_(7).
The suggested reaction functions in (3.22) posses a parameter space in which bistability
occurs and the uniqueness of a homogenous solution w_(7) is granted, respectively. The

specific parameters setting is listed in Section 4.2.

Model equations for Rho

Taking reaction, diffusion, and displacement of the domain 2; into account and assume
that active Rho is conserved in the domain, we obtain from Section 3.4 the set of

equations

0w — DyAu + div(uv) = fi(7,u), on Q(t),

(3.23)
Ow — Dy Aw ~+ div(wov) = fo(r,u, w), on Q(t),

where D, and D,, are the apparent diffusion coefficients of active Rac and active Rho,

respectively. The boundary conditions are given by

(VDyu+uv)-n=0 onI(t),

(3.24)
(VDyw +wv) -n=0 onI(t).

Let 79 € (7—,74+) be the amount of membrane tension of the model cel at rest. The
initial conditions model the resting state in which the Rho proteins are at homogenous
steady state. We use the denotations introduced in the former section. The initial values

are given by

u(0,2) = u_(10) :=up, w(0,z)=w_(709) :=wo on Q. (3.25)

3.4.2 Actin dynamics

The model distinguishes between two types of actin, G-actin and F-actin, which are
assumed to interconvert into each other. Polymerization and depolimerization are mod-

elled by a first oder kinetics: Let a and b be the concentration of F-actin and G-actin,
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respectively. We denote the rate of polymerization by kp, and the rate of depolymeriza-
tion by kgp. Finally, we assume that neither F-actin nor G-actin is synthesized on the
timescale we are investigating. The contributing kinetics of F-actin polymerization is

given by
g(a,b,u) = kpa(u)b — kgp(u)a. (3.26)

Experimental evidence shows that the rate of actin polymerization is affected by Rac
via downstream effectors [83]. We act on the simplifying assumption that the activation
of downstream effectors occurs proportional to the activation of Rac without delay.

According to this, we propose the specific rates

Y3u

k =k
ba(u) 3+K4+’LL’

kap (’LL) = ky.

The rate constants k3 and k4 indicate a constant turnover between G-actin and F-actin,
while the Hill-term models the promoted F-actin polymerization in response an increase
of active Rac. Assuming that the mass of actin is conserved in €2; throughout the

timespan of interest, we obtain the reaction-diffusion equations

0ra — DyAa + div(av) = g(a, b, u),

(3.27)
0tb — Dy Ab + div(bv) = —g(a, b, u),
on Q(t) and the boundary conditions
VD,a+av)-n=0 onI(t),
( ) (1 .

(VDpb+bv)-n=0 onT(t).

3.4.3 Myosin dynamics

We assume that myosin is present in high concentrations in the whole cell. Furthermore,
we neglect possible occurring fluxes. We model myosin-actin-filament binding by first

order kinetics:
oymp = ksa mag — kemp,

where mp and mg is the concentration of myosin II bound and unbound to F-actin,
respectively. k5 and kg denote the binding and the detachment rate, respectively. Let
myg be the total initial concentration of myosin. If myosin is not resynthesized during
the timespan of observation, m¢ can be written as mg — mp. We assume that myosin
binding to F-actin is fast compared to the other kinetics in our model. A quasi-steady-

state assumption yields that the concentration of myosin bound to F-actin simplifies
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to

m0k5a

e = k5a+k6'

RhoA activity mediates myosin-II-F-actin complex formation [84]. We neglect the sig-
nal transduction via downstream effectors by assuming that active RhoA mediates the
binding affinity of myosin to F-actin directly. This yields that w +— ks(w) is increasing

and w — ke(w) is non-increasing. Setting

where k5 and kg are constants satisfies this requirement. Dropping the tildes, we obtain

for the concentration of myosin IT bound to F-actin

mokswa

—_—. 3.29
k:5wa + kﬁ ( )

mp = mp(wa) =
For small perturbations of the steady state concentrations ag and wy, we may replace

(3.29) by its linearization with respect to wa in woao:
mp(wa) =~ Ks(wa — woag) + mp(woap), (3.30)

where

K - moks (1 ’W)

N kswoao + kg B kswoag + ke
Obviously, K5 is a positive parameter since kg > 0. The concrete parameter values for
the model are presented in Section 4.2. We assume that the concentration mpg can be

described adequately by approximation (3.30).



Chapter 3. Model Equations 38

3.5 Cytoskeletal mechanics

We model the AMC as an active gel. A brief survey of active gel theory and its appli-
cation in Cytoskeletal mechanics is given in Appendix B.

We briefly summarize the main statements: Active gel theory is a mechanical theory
that considers the AMC as a viscoelastic medium with the ability to generate stresses ac-
tively due to F-actin treadmilling and myosin mediated contraction. Neglecting possible
additional stresses that arise from torque (i.e. neglecting Ug%l in (B.3)), the occurring

stress tensor O‘;Oﬂt is composed of both, a passive and an active element, denoted by Uz%s

and 05%, respectively:

ony = Ug?; + 035 (3.31)

The passive stress is determined by the viscoelasticity of the material. The active part
depends in general on various factors like ATP-provided energy, F-actin density as well

as the myosin II density. The total stress Ug’ﬂt is completed by the following components:

1) a constitutive equation,
2) a force-balance equation,
3) an equation of state and

4) a polarity field.

1) The AMC is a highly viscous medium with a complex rheology. In general, its viscosity
may depend on the temperature 7" and on the densities a(t,z) and mp(t,z). Due to
the effects of permeation the viscosity may also depend on b(t,x), u(t,z), and w(t, ).
However, since the AMC is a continuously dense network of cross-linked polymeres that
rather resist shear stresses due to its architecture than to its density, we hypothesize
that its viscosity is not affected drastically by minor fluctuations of a(t,x), mp(t,z)
b(t,z), u(t,z), and w(t,z), such that the viscosity may be modelled approximatively by
a constant 7.

We describe the viscoelastic properties of the AMC by the Mazwell model. If we use
Einstein’s notation, the Maxwell model reads as

. pas pas

. JaB aaﬁ
=_of  of 32
e= 2 o (3.32)

where F denotes Young’s modulus of the gel and ¢ denotes the the strain-rate tensor.

Let v be the velocity of the material flow, then is € given by

£ = %(Oav/g + 631@).
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2) Let 63 be the Kronecker delta. Neglecting inertial forces, typically valid on a cellular

scale, we write the force-balance equation as
Oa (015 — Tdag ) + FE* =0, (3.33)

where II and F°** denote the internal pressure and an external force contribution, re-
spectively.

3) The pressure II is defined by an equation of state and will be modelled in the next
section.

4) Since F-actin treadmilling is directional, the actin gel is in a natural way endowed
with a polarity. The corresponding polarity field is a vector field consisting of unit vec-
tors. We denote the polarity field by p. The polarity field points in the direction in

which F-actin assembles.

3.5.1 The polarity field

Polymers such as actin gels are naturally endowed with a polarity field, i.e. a field of
unit vectors, running locally parallel to the averaged direction of polymer alignment
[85]. Neglecting possible organizational mechanisms that induce polar actin alignment,
we phenomenologically assume that 1) F-actin treadmilling occurs in the lamellipodium
perpendicular to the boundary, 2) in a moving cell, the polarity field remains static in
QF with respect to the substrate, and 3) stable F-actin aligns in periphery of the cell
body parallel to the boundary while it is unpolar in interior of Q7.

1) Perpendicular F-actin treadmilling endows the AMC with a polarity field p = (pz, py) :
Q(t) — R? which is initiated at the boundary of the lamellipodium. We write

p=n onTL(). (3.34)

2) The leading front is pushed forward due to polymerization of new F-actin at the
very front, whereas the orientation of old F-actin remains stationary with respect to
the substrate. Thus, we assume that the polarity field is conserved in the bulk if T'*(¢)
extends. Then, if z € QF has been a former boundary point, the polarity at x € QF is
given by the outward normal unit vector of this former boundary point.

More precisely, we consider for (¢,z) € QF(t) the set P(t,z) of all previous times, where

x has been a boundary point:

P(t,z) = {t e R |t' <t, z €Tk}
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If P(t,r) is not empty, we set t := sup P(¢,z) and denote by n(#,z) the outward unit
vector in & € 2. For the polarity field in Q% (t) we take

pmx):{nﬁﬂm if P(t,z) % 0, -

0
0, if P(t,z) = 0.

For the following course, we assume that the evolution of [t — I'F] is sufficiently regular,
such that we may assume p € L>®(QF(t), R?).

3) We suppose that the polarity of F-actin is randomly distributed in QtB. Thus, direc-
tional forces exerted on adhesion sites due to myosin contraction cancel each other out.
This is equivalent to setting p = (0,0) on Q5(¢). Non-treadmilling stable F-actin aligns
parallel to the boundary I'? [47]. We indicate this by setting

p=nt onTB(). (3.36)

3.5.2 Constitutive equations and force balance

In this section we consider the combination of both, the constitutive equation (3.32) and
the force balance equation (3.33). We will adapt these equations in our framework and

reduce the viscoelastic part to a purely viscous material.

Reduction F-actin is convected by the the material flux "av", where v is the velocity
field that has to be obtained from the components 1)-4) listed in Section 3.5. Since the
stress itself is generated by F-actin activity, it is also affected by the convection of F-
actin. Application of Reynold’s transport theorem states that we have to exchange the
time derivative "0;" in constitutive equation (3.32) with the convective time derivative
"D% =0 - +V - (v-)". Then, (3.32) transforms to

1 , , .o
E@m$+vw$g+ﬁy:¢%%+%wh (3.37)
where t* := n/E is the relazation time of the viscoelastic medium. ¢* indicates the

time at which the viscosity of the material starts to dominate the elastic response and
at which the material starts to flow. Experimental observations suggest that E is of
order 103-10° Pa [86-88], while 7 is of order 102-10% Pa s [89], implying that ¢* is in the
timescale of seconds. For times t >> t*, we may neglect the elastic response in (3.37)

and obtain a purely viscous gel, satisfying the constitutive equation

ﬁ§:%%w+%%) (3.38)

Chemical polarization of Rho GTP occurs in most motile cells on a timescale of about
10 — 100s. Thus, we consider the AMC within these time-spans as a purely viscous

material.
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Force balance The constitutive equation (3.38) has to be complemented by a force

balance equation. Recall from (3.31) that the composition of the total stress is ag}} =

JE%S + ag%t. Let F° be a body force. The force balance reads as

O (g(aavﬂ 4 O3va) — T + ag*g) _—
If we write Av := (Avy, Avg)T and V4o := (—0,,v1, 0, v2)T and set
F = (04,0021 + 02y 0n,005 O Oy oy + Oy Opn)
the force balance equation in two space dimensions can be written as

nAv + gv%ot(v) ~ VI = —Fex _ pact, (3.39)

Equation of state for the pressure Actomyosin gels are relatively resistant to
compression. If the shear deformations are large compared to the compression, a gel is
classified as weakly compressible [46]. In particular, this holds for an elastic body having
a small ratio between shear and compression modulus. A perfectly incompressible gel
has a Poisson ratio v of exactly v = 0.5. Shear field measurements by using magnetic
tweezers have shown, that the Poisson ratio of actin gels ranges from v = 0.4 to v = 0.5
[90], categorizing actin gels as weakly compressible. The relation of pressure and density
of weakly compressible media can be modelled by Taint’s equation. If we neglect the
effect of permeation of the solvent through the gel and use Taint’s equation, the pressure

IT with respect to the F-actin density is given by

(a) = % ((;;)0 - 1) + 1o,

where 6 denotes the adiabatic index of the gel, K¢ is the compression modulus, and IIj

(resp. ap) is the pressure (resp. F-actin concentration) in the resting cell.

External Force The cell exerts force to the substrate via adhesion sites which link
the actin filament to the substrate. We assume that F-actin is bounded to the adhesion
sites and that the filament slides with an approximately constant velocity v relative to
the substrate. Then frictional force is exerted to the substrate. Hence, we take friction

as external force responsible for cell movement and set
Fet = ¢y, (3.40)

where & denotes the friction coefficient. In general, the friction coefficient may depend
on the sliding velocity v. We assume that |v| is small compared to L/7,, where L stands
for the typical length of a focal adhesion molecule and 73 stands for the binding rate of

focal adhesions to F-actin. Then we may treat £ as a constant, see [46].
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Active Force F? denotes the actively generated force due to AMC dynamics. The
active force is thought to be generated by two components. F-actin treadmilling at the

Ftread

leading front generates a protrusive force and myosin mediated contractions of

the AMC generate a trailing force F°°" of the posterior:
Fact — Ftread + Fcont.

F-actin treadmilling occurs in the lamellipodium QF. Based on the observation that
F-actin treadmilling propels the cell front forward with constant speed [39, 91-93], we
assume that the generated force due to F-actin treadmilling is constant and points

towards the leading front:

Fread = —Cpliasan)Ps (3.41)

where (r is a positive constant. The mapping [(t,7) + L{4>q,,,}(t, )] is the indicator
function of the subdomain Q¥ (¢) on Q(t) defined by

1, ifa(t,z) > agny
Uazag,}(t:7) = { ' (3.42)

0 otherwise.

The retraction of the cell body QF is mediated by AMC contractions due to myosin
motors [46, 85, 94]. Myosin motors crosslink neighbouring F-actin and exert contractile
force on the network due to conformational changes [23]. We assume that the contractile
force acts perpendicular to the direction of F-actin polarity. Since the polarity field in

B . . . B.
Q7 is zero, Fiont vanishes in Qp:

Feont .= 0 on QB(1).

3.5.3 Boundary values

F is zero in the cell body. On the boundary I'?, however, follows from (3.36) that
perpendicular contractile force points in the direction of the inward normal vector. If the
density of myosin motors bound to F-actin is high, we expect a high directional force.
Moreover, we assume that the contractile force is zero if the cell is at rest. The simplest
ansatz satisfying these requirements is to set Fiony proportional to mp(wa) —mp(woao).
From (3.30) follows

F = —(B1{gcqp, 1 Ks(wa — woag)n  on T(t) (3.43)

where (p is a positive constant and [(¢, ) + 1{s<q,,,}] is the indicator function of I'B(t)
on I'(¢) defined analogously to (3.42).
We assume that the membrane confines the AMC at the boundary. Hence, two addi-

tionally forces are thought to be dominant on I';: A curvature induced force H due
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to bending rigidity of the membrane and an elasticity-related force S due to membrane

tension. Force balance on the boundary formally leads to
0 (Vo+ (Vo)T) n— (= Tlg)n = F* 4+ Hy +§ on T(t), (3.44)

where IIy denotes the atmospheric pressure outside of ;. We define the curvature

induced force Hg by
Hy := " (km — Ko)n.

The parameter 7{" is a material constant and &, (¢, x) represents the mean curvature in
x € I'y. Since the membrane is a lipid bilayer, we assume that it possesses a spontaneous
curvature kg. Thus, the curvature induced force is zero if I'; has the curvature xg [95].
It seems biologically reasonable that for a resting cell holds x,, = ko. Hence, we take

for ko the curvature of the initial boundary Ty, i.e. kg = 1/Rp.

Remark 3.3. In a two-dimensional spatial setting the mean curvature reduces simply
to curvature. Let (X(s),Y:(s)), s € [0,1), be a parametrization of the boundary I'y in

cartesian coordinates, then the curvature k,,(z) in z = (X(s), Y;(s)) can be written as

_ dXi(9)BY(s) = BXi(5)dYils)

fn() (X,(3)? 1 Yi(5)2)3

We hypothesize that the elastic stress acts in the normal direction of the cell boundary

I'y and is spatially homogenous in I';. We set
S =—7y'|T¢in = —75”/ 1 ds n.
Iy

We assume that the resting cell corresponds to the equilibrium of the mechanical system.
(ao)
Tol
to wrinkles in the outer boundary of the membrane. Mathematically it presents a simple

Thus, we obtain —v3y" = . The term S contributes to the stretching resistance due

means to prevent the model cell from unrestricted swelling. In a more comprehensive
model unrestricted swelling may be limited by more factors as e.g. volume conservation.

In summary, we obtain for the velocity field the boundary condition
n (Vv + (VU)T) n = —(Bligcan 1 Ks(wa — woag)n + 7" (km — Ko)n

—5 (/Ft 1 ds) n+ (II — IIp)n. (349)

3.5.4 Membrane tension

As in [14, 15] we suppose the membrane to be an isotropic medium with linear elasticity
and define the membrane tension 7 to be proportional to the deviation of the cell surface

area from its value at rest. We denote by |€2;| the surface area of ;. Then, for membrane
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tension holds

|| 1 /
TX —=—> [ ldz,
‘Q()’ WR% Q4

where Ry is the radius of the cell at rest. In the model we consider a normalized version

of membrane tension:
1
T = — |-

An increase in membrane tension is supposed to lower the Rac activation rate. On the
other hand, we supposed that an increase in tension promotes RhoA activation. In the

simplest conceivable case these requirements are satisfied by
hi(1) := —ai(r — 1) + hg, ha(7) := as(T — 1) + hy,

where «aq, as, hg > 0 are positive constants.
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3.6 Model equations

We summarize the model equations.

The model is a spatially two dimensional projection of the cell to the flat substrate from
a top view. For fixed Ry € Ry the initial domain describing the shape of this domain
at time ¢t = 0 is given by

Qp = {{L‘ S R2 : HJ}HQ < Ro} .

The domain can be convected by a velocity field v which is induced by an actin flow.
At time ¢ > 0 the domain €; is defined as the inner of the boundary I';, where I'; has

to be determined from the Stefan condition
Veo=v-n, onl}y.

The model can be subdivided into two units, whose equations will be consecutively

displayed:
1) Reaction-diffusion equations (modelled in Section 3.4),
2) Cytoskeletal mechanics (modelled in Section 3.5).
Let I C R4 be an open time interval starting at £ = 0. Let n = n; be the outward

oriented unit vector on I';. Symbols that are not explicitly mentioned in the following

are fixed parameters and are listed in Section 4.2.

1) Reaction-diffusion equations. Let u, w, a, b be the concentration of active Rac,
active RhoA, F-actin, G-actin, respectively. The spatiotemporal dynamics are given by

the equations

0w — Dy Au — div(uv
0w — Dy Aw — div(wv

fi(r,u) on Q(t),
fo(T,u,w) on Q(t

)
)=
)
)=

(3.46)
oo — DgAa — div(av) = g(a,b,u)  on Q(t),
Otb — Dy Ab — div(bv) = —g(a,b,u) on Q(t),
where the reaction functions on the right hand side are
ol u2
f1(7->u) - hl(T) kl + Kl T - 51”7
fo(r,u,w) = ho(7) | k2 + nw” — il w (3.47)
2T, 8, W)= a7 2 Ky + w? Ks+u? ™’

Y3U
b =k b — kya.
g(aa ,U) < 3+K4+U) 40
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The impact of tension in the activation functions is
hl(T):—Oél(T—l)—l-ho, hQ(T) :a2(7—1)+h0,

where a1, ao, hg > 0 are positive constants. The boundary conditions are

(DyVu+uv)-n=0 onI\(t),
DyVw+wv) -n=0 on (),
( ). (t o1
(DoVa+av)-n=0 onI(t),
(DpyVb+bv)-n=0 onI(t).

The initial conditions are determined by the homogenous steady state of (3.46) on ©(0) =
{0} x Qp. The initial conditions are denoted by

ug, wo, ap, bo.

Recall that fi(79,u) = 0 has three homogenous solutions for u_(79) < um(70) < u4(70).
As initial condition, we take ug := u_(79). The conditions on the remaining reaction

functions then imply that wq, ag, by are unique.

2) Cytoskeletal mechanics. Let v(t,z) : Q(t) — R? be the velocity field. In the
bulk, the velocity field has to be determined by

DAV + FVr0t(v) = 0 = VIL+ CrLigzag,p on Q) (3.49)
where
KG a 0
M=10()==-2 (=) —1)+IL. (3.50)
0 ap
The polarity field p has the values
n on I'L(t),
p=4-n onIB(),
0 on QB(1),

and on QY(t) the polarity field p is defined by

plt, ) = {n(f, x), if P(t,z) #0,
" 0

if P(t,z) =

)

where P(t,x) == {t' € Ry|t' < t, x € TL}, T := sup P(t,x), and n(f,z) denotes the

outward unit vector in x € FEL .
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On the boundary I'(¢), the velocity field has to satisfy

n (Vv + (VU)T) n = —(Bligcan 1 Ks(wa — woag)n + 7" (km — ko)n

—5" </rt 1 ds) n + (I = Tly)n. (3.51)

Membrane tension is given by

T

1
= ——= Q.
7TR3| d

In particular, the initial membrane tension is 7y = 1.

3.7 Discussion

We derived a simple model for mechanochemical cell polarization that considers Rho
GTPase activation as a mediation process for directional F-actin polymerization and
myosin-II-F-actin complex formation. The model contains a mechanical description
of the AMC-layer which induces morphological changes and directional movement if
F-actin polymerization and myosin-II-F-actin complex formation is triggered. In the
model morphological changes affect membrane tension. The activation kinetics for the
considered Rho GTPases are assumed to be dependent on membrane tension.

In Chapter 5 a heuristic explanation for the patterning mechanism of the model is
given. In Chapter 4 the simulation results of the model in response to spatiotemporal
perturbations are presented. Here, we briefly discuss the model assumptions with respect

to their biological relevance.

Layer approximation The model geometry ); describes the contact surface between
the cell body and the substrate. The contact surface is considered as an effectively two
dimensional sheet consisting of the plasma membrane at the basement. In the model,
shape changes and movement of €2; are induced by the Rho GTP mediated material flux
of F-actin. The layer approximation presented in Section 3.2 is adequate if, compared to
the thickness of the layers, the normally directed diffusion in each layer is very small. In
Section 3.2.1 we argued that normally directed diffusion in the layers is highly restrained
due to the structure of the AMC and the plasma membrane. We suppose that plasma
membrane located diffusion in the tangential direction is unaffected by the thickness
of the membrane since membrane based Rho proteins are bound to receptor proteins
that are anchored in the membrane. Variations in the thickness of the membrane may
not affect lateral diffusion of the anchored protein complexes. Considering the diffusion
properties in the AMC with vanishing thickness is more complicated. Although it is
conceivable that the horizontal alignment of the polymers in the network has a less

restraining effect for tangentially directed diffusion than for normally directed diffusion,
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it is likely that also diffusion in the tangential diffusion is restrained due to the effects of
densification. In the extreme case, where tangential diffusion is degraded by the same
order as normal diffusion, we expect for the limit € — 0 of the layer-approximation that
also the tangential diffusion component vanishes. Thus, the modelled spatiotemporal
reaction dynamics in the AMC (which are the actin dynamics) are characterized by
convection-reaction equations. This, however, is not a limitation for the patterning
process. In the next chapter we will describe the patterning process in the case, where
actin concentrations are controlled directly by spatiotemporal changes of active Rho,
and in particular where the diffusion of actin is set to zero. Therefore, we expect that
the model would lead to similar characteristics if the tangentially directed diffusion in
the AMC is drastically reduced.

GTPase assumptions The reaction functions for Rac and RhoA base the observation
that Rho GTP cycles between an inactive and active state [13]. Based on the known
GEF complex formation in the Rho-activation pathway we derived, similarly as in [8, 25],
an autocatalytic activation term for Rac and RhoA. According to experimental findings
[35], we include that active Rac is inhibitory for RhoA activation by suggesting that Rac
activity affects the deactivation rate of RhoA. Furthermore, we assumed that tension
inhibits Rac- and promotes RhoA activation. The first assumption is supported by
experimental findings [11]. The second assumption is hypothetical. However, due to the
structural similarity within the family of small GTPases, it is conceivable that changes in
tension also may affect RhoA. Moreover, it has been shown that microinjection of active
Rac in Swiss 3T3 fibroblasts leads to immediate changes in lamellipodial dynamics and
then, after a delay, to RhoA-dependent induction of F-actin-myosin-IT complex formation
[84]. Due to the hypothesized tension impact on RhoA, our model captures this motif via
mechanical signal transduction: RhoA activity lowers membrane tension by promoting
the contraction of the cell. A decrease in tension, in turn, promotes Rac activation.

Although we only model a very limited set of variables responsible for Rho activation,
we consider the modelled characteristics mentioned above as biologically reasonable.
However, a crucial simplification is the treatment of the concentrations uo and wo of
inactive Rac and inactive RhoA as constants. This model assumption has primary
numerical reasons. Necessary for the patterning mechanism is the existence of a domain

D C R? such that the dynamical system

dul
— = fi(r,u1,u

o = fi(ru,u2)

is bistable for any (7,u2) € D. The determination of D and the required parameters
for the model is numerically very expensive. By setting uo to a constant, the fitting of
the system is tremendously simplified. We conjecture that the model is able to expose
similar characteristics if uo is modelled explicitly. However, in this thesis, we confine

ourselves to the cases in which wug is kept fixed.
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Actin polymerization assumptions The actin kinetics are subjected to rough sim-
plifications. The model only considers two types of actin, G-actin and F-actin that can
interconvert into each other. Intermediate conversion steps as nucleation, elongation,
and cofilin mediated dissoziation were neglected. Furthermore, we neglected the whole
cascade of downstream effectors of Rho GTPases for the actin machinery, containing the
Scar/WAVE complex and Arp2/3. This traces back to two reasons: First, the course of
events starting from Rho signalling and ending by actin polymerization are very complex
and not completely understood yet, cf. [48]. An in-depth-modelling of the contained cas-
cades and subprocesses would go beyond our scope. Second, the model gives an account
how mechanical and chemical signalling units need to interplay in order to achieve robust
polarity. An heuristic model approach of F-actin dynamics avoids the danger of mak-
ing predictions that are based on wrong conditions. Our appraoch provides a general
framework that can be extended to more complex models. The patterning mechanism
requires an increase of membrane tension due to changes of the cell morphology. How
these changes are achieved in the mechanical modelling of the AMC is subordinate.

It should be stressed that the particular choice of the kinetics for both, Rho activation
and actin filamentation, is to a wide extent arbitrary. More complex kinetics could be

implemented easily as long as they do not contradict the conditions listed in Section 5.4.

Assumption for cell mechanics Our model of cytoskeletal mechanics is phenomeno-
logically and bases loosely on active gel theory [85]. Therein G-actin monomers are
treated as a sol and the cross-linked network of actin filaments is characterized by a
viscoelastic material. The active gel approach captures certain experimentally observed
features of actin networks: On short time-scales, the mechanical response after a per-
turbation of the network is elastic with a shear modulus E in the range of 10 — 10° Pa,
[88]. On longer timescales, the actin network flows with a finite viscosity 7 of the order
100 Pa s [89].

The rheologic model which is used to describe the mechanical properties of the AMC
bases on the Mazwell model. Our model contains a very basic and simplistic description
of the AMC’s rheology, were features as ATP consumption, the observed retrograde
actin flow [46], filament stiffness and filament alignment induced polarity are neglected.
A major simplification is that our model neglects the elastic response at short time
scales. Since the mechanism only relies on a protrusion-retraction based generation of
membrane tension, the mechanism may still work if a more complex representation of
ACM mechanics is included in the model. However, a viscoelastic material might endow
the model to exhibit additional biologically relevant features. We will reconsider this
point in the summary given in Chapter 6.

The implementation of the boundary force terms play, apart from its biological moti-
vation, a supporting role for the patterning mechanism: Curvature force acts for the

polarized cell as a restoring force that drags the cell back into its spherical resting state,
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if the Rho activity pattern erase. This induces a reset of the model cell and gives the

cell the ability to remain re-excitable. This will be numerically verified in Chapter 4.



Chapter 4

Simulation

In this chapter the simulation results for the model listed in Section 3.6 are presented.
The model at steady state is perturbed by a local stimulus that mimics an external

signal.

4.1 Stimuli repertoire

An external stimulus increases activation of proteins such as Rho GTPases by up-
regulating the GEFs that promote Rho GTP activation. To model the external stimu-
lus, we superimpose an additional activation function fg perturbing Rac dynamics (by
adding to the first equation in system (3.46)). We suggest that stimulus induced ac-
tivation recruits inactive Rho up to a certain level u,et as long as (uaet — u) > 0 and

becomes inefficient as soon as this concentration is exceeded:

fstim(t; z, u) = kstim(t7 $)(uact - U)a

where kgim (¢, z) is the increased rate of Rac activation due to an external signal. The
threshold u,ct is set to the value that v adopts at the wave front, provided the system
is excited.

Depending on the nature of the stimulus, the rate ksiim (¢, ) may be space- and time-
dependent. In the simulations kgtim = k‘llf, kstim = ki, and kgtim = kg are used. Each
stimulus affects approximately 10% of the cell for a duration of ¢ seconds. The super-
scripts 1, r, t indicate that the stimulus targets the cell at the left, right, and top of the

cell, respectively.

Input stimuli The threshold u,t is set to the value that u adopts at the wave front,

provided the system is excited. Under the default parameters listed in Table 4.1 this

51
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value is u,ct = 1. We define

sr(t) =
0 otherwise.

{}1 + L1+ cos(nt/T)) f0<t<T,
We set for any ¢t € 1

xp:=min{z; € R: (z1,22) € U},
xy ;= max{z) € R: (z1,22) € U},

Y :=max{ze € R: (z1,22) € W},

and L(t) := diam (£2;). We define

kp(t, @) == sp(t) <1 + cos (mL;f)yt)) 1pt(z1,y2),

and for j =1 r

where

D' :={(x1,22) € Qs : 0 < s — 1 < L(t)/5},
xl,xg) c Qt : 0 <zxz1—121 < L(t)/5},

D' = {(
D' = {(x1,22) € % : 0 <z — 21 < L(t)/5}.

The stimuli k' and k!¢ whose impact will be discussed in the text below are defined as
follows. For any t € I we set
m =1/2(min{z; € R | (z1,22) € U} + max{z; € R | (z1,22) € Q})
and define subsections
D% = {(z1,20) € U : o >= (1)}, D= {(z1,22) € U : 23 <= yig(1))},
where
Y =11 — (m — V2R — 1), ywi=z1—(m— V2R, — 1).
The respective stimuli are given by

ko (t, ) == sp(t)1ps (21, 20), j=It,1d.
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4.2 Parameter setting

Macroscopic parameters: Neutrophil granulocytes have an average diameter of 12 —
15um in peripheral blood smears. When analyzing neutrophils in suspension, neutrophils
have an average diameter of 8.85um [96]. As a compromise, we take the radius of the
resting cell g to be Ry = 5um.

Rho GTP related parameters: Following [97] the diffusion coefficients of the active
Rho GTPs are set to D; = 0.1uym?/s (i = u,w). Similar values have been measured for
membrane bound Cdc42 in saccharomyces cerevisiae [98].

The remaining parameter considering Rho dyniamics are fitted to the model: GEF
hydrolysis is responsible for Rho inactivation. Thus, we take for the inactivation rate
§; = 1s71 (i = 1,2). As in [8], we assume that GAP hydrolysis matches in magnitude
GEF activation by setting 71 = 1s7!, 79 = 257 L
baseline activity of GEF to be k; = 6.7-10"2s 1, i = 1,2. The dissociation constant I;

(i = 1,2,3) has the same unit of measurement as u, w, the concentration of active Rho.

Again, following [8] , we take the

Here are the occurring concentrations normalized, such that K; = 1umol/dm? (i = 1,2),
and K3 = 0.25umol/dm?. Then, the homogenous steady state concentration of active
Rho GTP is ug = wg = 0.25umol/dm2.

Actin related biochemical parameter: The diffusion coefficient of G-actin is set to
Dy, = 10um?s~!. This value is a compromise with respect to reported values for G-actin
in the cytoplasm, ranging from 3 to 30um?s~! [99-101]. The diffusivity of F-actin is
a model assumption for numerical reasons. We assume the diffusion coefficient of F-
actin to be significantly smaller than D; by taking D, = 0.01um?s~!. We deal with a
normalized version of the F-actin dynamics and set K; = 1umol/dm?.

Mechanical parameter: We modelled the AMC as a purely viscous material. From
a more realistic point of view, however, the AMC can be characterized as a viscoelastic
material. The actin gel is a very soft material, and its elastic modulus is in the range
of £ ~ 103-10* Pa [102]. At longer time scales, actin flows and has a finite viscosity 7.
In in vitro experiments on actin, the characteristic viscoelastic relaxation time ¢* where
actin starts to flow is on the order of 102-103s [102]. In the simplest viscoelastic model
proposed by Maxwell, the viscosity is related to the elastic modulus and the viscoelastic
relaxation time by the so-called Maxwell relation n = Et*[103]. Although we neglected
the elastic character of the AMC we take these findings into account and set the dynamic
viscosity to n = 107Pa - s.

The friction coeflicient strongly depends on the surface the cell adheres to. Micropipette
experiments show that the frictional force of an actin gel on a 2um diameter polystyrene
bead coated with an activator of actin polymerization is on the order of 10nN [104]. We
assumed the frictional force per unit area to be proportional to the migration velocity.
Thus, by taking the mean migration speed v = 0.4um/s of neutrophils [39] we obtain that
the friction coefficient is of the magnitude 10” Pa s/m. The reported friction coefficient
of an actin gel on a latex bead is of the magnitude 10'° Pa s/m [105]. As a compromise

we set the friction coefficient to ¢ = 3 - 10%Pa - s/m. Iy is set to the normal pressure
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Quality Value Source | Quality Value Source
Ry 5 pm [96] | ki, ko 6.7-1072 571 [8]
Dy, D, 107! pm?/s (97, 98] | ks, k4 6.3s7! *
D, 1072 pm?/s * | Ky, Ko, Ky 1 pmol/dm? 8]
Dy, 10 pm?/s [99-101] | K3 0.25 pmol/dm? *
61, 52, Y1 1571 [8] K 0.566 *
o 75 * | K¢ 9-10* Pa *
Y2 271 [8 ho 1.987 *
Y3 4.3 S_l * | Qg 2.1 *
Qg 11.92 * | & 3-10% Pa-s/m  [104, 105
Cr, G —2.1-10° Pa * | aenr 0.938 pmol/dm? *
0 3 * | I 10° Pa [106]
N 10" Pa-s [102, 103]

TABLE 4.1: Parameter values considered in the model simulations. * = fitted model
parameter.

Iy = 10°Pa [106].

The remaining parameters displayed in Table 4.1 are fitted model parameters.

4.3 Simulation results

Polarization characteristics

At first, we demonstrate that the model cell adopts a pinned wave front in © and w in
response to a suitable stimulus and captures the features maintenance and amplification
mentioned in Section 1.2.1. Therefore, we consider an initially unpolarized cell. In
the model the cell is unpolarized if the mathematical system is at steady state. Then,
the cell is geometrically represented by the spherical domain 2y, whose center is the
origin of the z1-xo plane. Figure 4.1 a displays a sequence of the evolution of the Rac
distribution and of the cell shape in response to a local, transient stimulus applied at
the left-hand side. The stimulus is modelled by k{,. The computational results show
that the model cell responds to the stimulus by an increase in w at the front from the
initial concentration ug = 0.25 up to Umax = 1.2 within the first 10 seconds. After
10 seconds the stimulus expires and u at the front settles down to u ~ 1 within 40
seconds. This characteristic is maintained during the simulated time of 200 seconds.
At the rear of the cell v remains throughout the simulated time close to its steady
state value. Increased Rac activity induces an increase in membrane tension and locally
suppresses RhoA activation. Conversely, membrane tension promotes RhoA activation.
Figure 4.1 b displays a sequence of the induced evolution of active RhoA. Therein, the
concentration of active RhoA, w, at the rear increases from the initial concentration
wo = 0.25 up to wmax = 1.5 while w at the front decreases to wyi, = 0.02 in the first 10
seconds and stabilizes at w = 0.15 after the stimulus is removed.

Figure 4.1 c displays the concentration profile of u along the central axis {zo = 0} at

different times. The horizontal axis indicates the percentage distance from the leading
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front in relation to the cell length at each time ¢. The local rise in w is spatially amplified
by a sharp wavefront. The graph at t = 0 displays the concentration profile of « induced
by the stimulus k{,. A comparison of the profiles reveals that the initial profile is
amplified up to the threefold on longer timespans. We performed test simulations up
to t = 2000 seconds. Despite of slight shifts in the concentration and broadness of the
wavefront, the profile in u adopts a constant wave-shape over the simulated time. The
dotted line at x = 27% represents the mean horizontal axis of the inflection points of
the waves.

In Section 5.5 we conjectured that the wave-speed oscillates relative to the moving
domain. The oscillation of the wave-plateau displayed in Figure 4.1 ¢ supports this

hypothesis.

Actin dynamics

Figure 4.3 a and b display the evolution of the F-actin distribution a(t,x) and the
G-actin distribution b(¢,x) in response to stimulus kllo, respectively. A comparison
with Figure 4.1 a shows that the spatial increase of a(t,z) co-locates with the increase
of u(t,z). The delay between the half-value time of wu(t,x) and a(t,z) at the front
is approximately 6s. While the stimulus is active, the F-actin concentration a(t,z)
increases at the front, starting from its initial value ag = 0.93 up to the maximal value
a(t,xz) = 1. Afterwards, the concentration at the front settles at a(t,z) = 0.96 and
remains stable from ¢ = 150s on. At the back of the cell a(¢, x) remains approximately
constant.

Changes in a(t, x) cause changes in b(¢, z) due to mass conservation and a slow diffusion.
At the homogenous steady state the G-actin concentration is b(0,z) = 0.93. Since
a(t, r) increases at the front, b(¢, z) decreases to 0.85 at the front within 50s while b(¢, z)
in the cell body remains approximately constant. The profile is maintained, but the

concentration at the front slightly increases to b(¢, z) = 0.86 within ¢ = 150.

Shape generation

The increased Rac activity locally promotes actin filamentation segmenting €; in QF
and QtB (see Figure 4.3 a). The actively generated force Fieaq acts outward and per-
pendicular to I'Y', which leads to an even swelling of Q. In QP however, the increased
concentration of RhoA generates an inwardly directed force on I'? (see Figure 4.2 c).
The inwardly directed force tapers the back of the cell. In combination, the joint forces
effectuate a morphological change of the whole cell: The spherical resting shape trans-
forms in response to a stimulus to a cone. In the simulation, a morphological steady
state is adopted within 150s as displayed in the third panel of Figure 4.1 a.

The evolution of the shape undergoes three subsequent phases, an elongation phase
(0-80s), a broadening phase (80-160s), and a stable phase (> 160s) (see Figure 4.5 a).



Chapter 4. Simulation

o6

a - -
5 12 t=10s 5 t=100s 5
off 07§ — " 0 ‘. 0
-5 02 -5 -5
-20 -10 0 10 -20 -10 0 10 -30
b s|mis t=10s 5 t=100s 5 t=200s
<
0
-5
-10 0 10 -30 -20 -10 0
T T
C —t=1000s
——1=800s ||
! —t=400s
\ 1 t=200s ||
K —\\ : —1=0s
0 ! | | |
0 20 40 60 80 100
cell length (in %)
d slmt2 t=5s 5 t=10s 5 t=15s
-5 02 -5 -5
-40 -30 -20 -10 -40 -30 -20 -10 -40 -30 -20 -10
5 t=20s 5 t=40s 5 t=80s
o @D | . @)
-5 -5 -5
-30 -20 -10 0 -30 -20 -10 0 -30 -20 -10 0
e 1.2 + t=5s + t=10s t=15s
5 — 5 5
[5)
07
e o e o -
-5 0.2 -5 -5
-20 -10 0 10 -20 -10 0 10 -20 -10 0 10
t=20s t=40s t=80s
5 5 5
0 —> 0 ‘ 0 ‘
5 5 -5
-20 -10 0 10 -20 -10 0 10 -20 -10 0 10
f g 10712 t=100s
5 1.2 t =55s 5 t=150s
off o7 g - 0 off o7 g
S8, 5
-20 -10 0 10 -20 -10 0 10 10 0.2
-20 -10 0

FIGURE 4.1: Polarization plots. The scale is in um. The arrows indicate the regions of
the applied stimuli. a, b: Polarization behavior and morphological change of the cell
in response to ki,. Panel a (b) displays the distribution of active Rac (active RhoA).
c: Distribution of u in relation to the cell length at different times. The graph at ¢t =0
shows the concentration profile of u induced by the stimulus k},. d: Redistribution of
u and morphological changes in response to repolarization. e: Two different located
stimuli initiate competing fronts. The front created by the longer lasting stimulus is
maintaned. f: Shape change and Rac erasure in response to an external increase in

tension. g: Cell swelling due to decoupling of tension mediated Rac inhibition.
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FI1GURE 4.2: Vector field plots. The scale size is in ym. Panel a displays the generation

and alignment of the polarity field p. Panel b (resp. c¢) displays the evolution of the

pressure gradient VII (resp. active force F,.t). Panel d displays the evolution of the
velocity field v.

In the first phase, the cell elongates by 35% due to a rapid increase of Fireaq pointing
towards the cell front. The elongation increases the surface area by ~ 10% and thus
increases membrane tension. In the broadening phase the distribution of Fiyeaq is al-
most constant, while the cell contracts due to an increase of F.oyt. This results in an
increase of the width of the front by 18% and a decrease of the length by 12%. In the
last phase, the system stabilizes and length and width settle at ~ 12pum and ~ 10um,
respectively. Throughout the broadening and the stable phase the surface area remains
approximately constant (see Figure 4.3 e).

After t = 80 the cell adopts a constant migration speed of about v* = 0.19um/s that is

maintained throughout the duration of the simulation.
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Repolarization characteristics

We tested if the already polarized model cell has the ability to become reexcited, i.e.
to respond to new incoming stimuli with reorientation. This refers to feature 3) listed
in Section 1.2.1. We prepolarized the model cell by stimulus klw. At time t = 150s
a new stimulus £j, at the opposite site of the cell is applied for 40s. In Figure 4.1 d
a sequence of the simulation results is displayed. The stimulus triggers a new wave
front in v on the right hand side. Consequently, the two opposing fronts generate an
increase in membrane tension due to the triggered opposed F-actin treadmilling (see
Figure 4.3 e). The increasing membrane tension erases the wavefront located on the left
side within 15s after the new stimulation of the cell. The new wavefront on the right
persists, since there the stimulus is still maintained. The erasure of the old front in u
leads to a local increase in w, since u suppresses w. This induces an increased force
pointing to the inward normal at the old front, which reduces membrane tension. In
the simulations membrane tension approaches a steady state within 40s after the new
stimulus was applied. The cell adopts an intermediate dumbbell-like shape. Afterwords
the cell readopts a "V'-shape at ¢t = 80s. The model cell remains in this shape and u

and its downstream maintain their newly gained wavefronts.

Resolving conflicts

Referring to feature 4) in Section 1.2.1, we tested whether the model cell is capable of
the resolution of neighboring fronts. Two competing stimuli, kéo and kY, were applied
perpendicular to each other to the model cell. Both stimuli individually have the ability
to polarize the model cell. However, the left-handed stimulus k%, lasts 20s longer than
the stimulus £}, at the top. Figure 4.1 e displays the behavior of the model cell if both
stimuli were applied. The arrows indicate the targeted locations of each stimulus, kéo
on the left and kY, at the top. The stimuli trigger two local fronts in w. Thus, in turn,
membrane tension increases by a factor of 1.3 within 15s (see Figure 4.3 €). The increase
globally lowers the active Rac concentration u. This leads to an expiration of the wave
front generated by the shorter lasting stimulus as soon as ki, ends. Simultaneously,
membrane tension settles down at 7 ~ 1.1. Hence, the wavefront generated by the
longer lasting stimulus is maintained. The maintained wavefront causes the model cell
to migrate along the negative xi-direction. The formerly crooked shape of ) settles
back to the normal "V'-shape beginning at ¢ = 20s and approaches a morphological
steady state at ¢ = 150s.

We also tested whether the model cell is capable of the resolution of opposing fronts. If
one stimulus lasts longer than the other, the result is similar to the described behavior
above: The wavefront induced by longer lasting stimulus is maintained and the other
wavefront erases (see Figure 4.3 c¢). Moreover, we tested the behavior of the cell in

response to two qualitatively identical stimuli applied at different locations (see Figure
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4.3 s). In this case, even for closely located stimuli, the competing wavefronts erase each
other due to the generation of membrane tension and the cell readopts the homogenous

steady state.

Membrane tension confines active Rac to the leading front.

During the simulated time, the plateau of increased u remains confined to the leading
front of the model cell. We claimed membrane tension 7 to be responsible for the
confinement. To exclude other possible subliminal factors that might be responsible for
the confinement, we performed simulations in which h;(7(¢)) (i = 1,2) were replaced
by hi(70), where 79 = 1 denotes the initial membrane tension of the resting cell. The
simulated cell shape and active Rac distribution after 100 seconds is displayed in Figure
4.1 g. The plot reveals that the Rac activity wave is not stalled and continued to traverse
the model cell from front to back. This is accompanied by a swelling of the cell: Since
u is homogeneously increased after 100 seconds, the F-actin concentration exceeds the
threshold ayy,, in the whole cell. The swelling is generated by the pushing force due to
treadmilling which acts in this scenario on the whole boundary of the whole cell.
Furthermore, we tested whether a sufficient increase in membrane tension is capable to
erase the Rac activity front in a polarized cell. In response to the stimulus k:llo, tension
T peaks at Tmax = 1.18 at time ¢t = 13.75s. (See Figure 4.3 e). To test the behavior of
the cell when the tension exceeds this value due to external effects, we stimulate the cell
by ks and artificially set 7 = 1.25 at ¢ = 50 for 10s. Figure 4.1 f displays the response
of u and of ;. The numerical experiment shows that the increased front of u erases.
Thus, the downstream w, a, and b also approach a spatially homogenous state while the
mechanical system tends to an equilibrium. The shape at equilibrium is €y, which the
cell adopts at ¢ = 150s.

Competing wavefronts

Figure 4.3 ¢ displays the evolution of the cell shape and the redistribution of Rac in
response to the oppositely applied stimuli kéo and kj,. The behavior is similar to the
case described in 4.1 e. Each stimulus triggers a wavefront of active Rac. The cell starts
to expand due to oppositely directed F-actin treadmilling which increases membrane
tension. The increase leads to an expiration of the wavefront created by k7, the shorter
lasting stimulus, within 15s and the increase of contractile force reduces the cell surface.
Thus, membrane tension lowers. Due to the decreased membrane tension, the front
created by kb, is maintained. The cell adopts a steady "V ”-shape within 80s.

Figure 4.3 d displays the evolution of the cell shape and the redistribution of Rac in
response to the stimuli k;lfo and k:ll%. As in Figure 4.1 e the stimuli are perpendicular
to each other, but in this case both stimuli have the same time course. The generated

wavefronts broaden the cell and induce a crescent shape. The broadening increases
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FIGURE 4.3: a — d. Polarization characteristics and morphological change in response
to different stimuli. The scale is in yum. The arrows indicate the regions of the applied
stimuli.Evolution of the distribution of F-actin (a) and G-actin (b). c¢. Two different
stimuli initiate competing fronts. The front created by the shorter lasting stimulus
d. Two equally long lasting stimuli create competing fronts.

expires.

erase due to an increase in tension. e. Time-versus-tension plot of the model in the
four different scenarios. Evolution of tension if the cell is polarized by the transient
single stimulus k!, (blue profile), two oppositely applied stimuli k%, and k%, (yellow
profile), two neighboring stimuli k!¢ and k (purple profile). The red profile displays
the evolution of the tension if an already to the left polarized cell is exposed to the new

stimulus k.

Both fronts
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FIGURE 4.4: a. Polarization characteristics in response to the temporal maintained
stimulus k.. b. Polarization characteristics in response to a 10s lasting spatially uni-
form stimulus. The concentration of Rac increases uniformly and uniformly generated
active force induces swelling. The cell reapproaches its resting state if the stimulus is
removed. c. Cell response to the stimulus k!, when the cell back locally fixed. The cell
elongates due the triggered protruding front. Increasing membrane tension induces the
Rac front to expire. d—e. Plots of the divergence div(v) and the rotation rot(v) in the
unit s~!, respectively.

membrane tension within the first 10s up to 7 = 1.25, cf. panel e. This induces an
expiration of both wave fronts as soon as the stimuli are removed. The cell tightens and

tends back to its spherical steady state accompanied by a decrease of membrane tension.

Polarity in response to maintained stimuli

The model also generates polarity fronts in response to permanent stimuli. The behav-
ior of the cell shape and the distribution of active Rho in response to the permanent
stimulus kéo = limp_ o le and in response to the transient stimulus k:lm are very similar.
The simulation result is presented in Figure 4.4 a. In response to two simultaneously
beginning stimuli, k! and k7, (resp. k{,), the cell forms a unique axis of polarity point-
ing towards k' . The front originated by k7, (resp. kf,) expires. (Data not shown). The
model, however, is not capable of resolving conflicts and fails to produce interpretable

results if both of the simultaneously beginning stimuli are permanent.
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Cell swelling in response to spatially uniform stimuli

Some cell types exhibit adaptation in a uniform stimulus, that is, the cells generate
a persistent response to a gradient of chemoattractant, but transient response to a
temporal change in a uniform stimulus [7]. To a certain extent the model captures this

feature. In response to the spatially uniform stimulus
fstim(t’ Z, U) - (uact - U),

active Rac increases homogeneously and the model cell swells until the stimulus is re-
moved at t = 10s. Afterwards the cell returns to its resting state. The simulation results

are displayed in Figure 4.4 b.

Expiration of polarity in response to mechanical manipulation.

Suction experiments provide evidence that neutrophils with a polarized front depolarize
if the cell body is fixated to the substrate [11]. The protrusion of the front induces an
elongation of the cell which increases membrane tension. The increased tension regarded
to be responsible for the expiration of the Rac activity front.

We tested whether our model captures this feature. We virtually fixated the cell back
by setting the velocity v(t,x) to zero for 21 > 4 and stimulated the opposite side of the
cell by k:llo. Figure 4.4 c displays the morphological response and the evolution of the
Rac pattern at selected times. The cell expands in the horizontal axis by a magnitude
of 1.5 within 60s. Simultaneously, the tension 7 increases up to 7 = 1.22. This induces

an expiration of the Rac activity front within 100s.

Behavior of the velocity field

The model cell migrates in the direction of an applied stimulus. At the generated cell
front Q) the velocity field aligns almost parallel to the direction of the stimulus while
myosin mediated contractions in the back generate a velocity field perpendicular to the
boundary I'P, see Figure 4.2 d. The flow is compressible. Thus, the divergence of the
velocity field is non-zero. In Figure 4.4 d the divergence of v with respect to the cell
domain is displayed at selected times. Since at the front holds a(t, z) > ay,, the actively
generated force F,.(a) at the front is constant. Moreover, the slope of a(t, z) is flat at
the front, which implies that there the pressure gradient VII(a) is small. The simulation
results show that there the divergence of v is close to zero. At the back of the cell the
active force vanishes apart from the boundaries and, due to the flatness of a(t,x) the
pressure gradient VII(a) is small. According to the simulation results, the divergence of
v is also close to zero in this regions. Close to the transition zone, where a(t,x) — agp,

changes its sign, the divergence adopts positive values if a(t,x) < atn and negative
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FIGURE 4.5: Evolution of cell length, L4, and cell width, By, if the cell is stim-
ulated by k!,. The evolution can be divided into three subsequent phases: a phase in
which Ly, increases and By,q, decreases (Phase I), a phase in which L., decreases

and By, increases (Phase II), and a phase in which the deflections settle down (Phase
I11).

values if a(t,z) > at,,. The absolute value of the divergence peaks at ¢ = 6s, where
|div(u)| = 1.21s7 1.
We investigated the vorticity of the flow, see Figure 4.4 e. As to be expected for a slow
creeping flow [107], the rotation of the vector field rot(v) is with a magnitude of about
10~ 1s7! very low. Vortices predominantly occur in the transition zone, where a(t, z) is
close to ag,, and in the periphery of QP. In the positive half space {2 > 0} the vortices
are mainly clockwise, rot(v) < 0. In the negative half space {x2 < 0} the vortices are
mainly counterclockwise, rot(v) > 0.
The terms

V-trot(v)

in (3.39) and
(Vo)”

in (3.44) are predominantly constitutive for the generation of vortices. We tested whether

we can neglect these terms by taking the equations
nAv — v — VII = —F**  on Q(t),
and

Vv -n = —(pliscq 1 Ks(w —wo)n + 11" (km — ko)n

—5" (/Ft 1 ds) n+ (Il —Ip)n on I'(¢),

for the velocity field. The qualitative behavior of this system with respect to shape and
pattern generation remains the same. The quantitative differences in comparison to the
original model are minor. The simulation results for the case in which the operators

V-trot(v) and (V)T are neglected will be presented more in detail in [108].
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FIGURE 4.6: Rac distribution and morphological changes in response to different stim-

uli. The arrows indicate the location of the applied stimuli. Panel a: Behavior of the

cell in response to the double stimulus defined by (4.1). Panel b:Behavior of the cell in
response to the linearly graded stimulus defined by (4.2) with (T, «) = (6,0.5).

4.4 Limitations

The model exhibits several shortcomings. Many of them may be resolved due to addi-
tional assumptions, others are model specific. We briefly discuss three model specific
limitations.

There is evidence that spontaneous polarization in mammalian neutrophils is triggered
by fluctuations of RhoA [109]. However, due to its deterministic nature a limitation
of the model is that it does not cover stochastic effects like spontaneous polarization
in response to noise. An adaptation of the model to noise sensitivity would require a
coupling with a stochastic system as an upstream that translates stochastic inputs into
well-regulated signals. Another limitation is that the model is very likely not capable of
fusing neighboring wavefronts into one single front. We performed simulations in which

the cell is stimulated in two adjacent regions by taking

Kot z), if |z <2/3,

Estim (t, ) == (4.1)

0, otherwise.

Figure 4.6 a displays a sequence of the evolution of the cell shape and of the Rac distribu-
tion. Therein two neighboring wavefronts are generated, but do not coalesce. On the con-
trary, the activity fronts tear the cell in different directions until the increased membrane
tension induces an expiration of the front. We hypothesized that neighboring wavefronts
do not coalesce due to the very slow diffusion of active Rac and tested whether a fusion
occurs for increased values of D,,. We took the values D, € {0.5,0.75,1,2.5,5,10}. For
D,, = 0.5 the simulation result is similar to the formerly described case: The wavefronts
do not coalesce, but expire within 80s. For D, > 0.75 both wavefronts extinguish signif-
icantly earlier. We conjecture that this dues to a failure of the patterning mechanism,
since the mechanism requires a sufficiently slow diffusion of active Rac. A biologically
reasonable modification that potentially endows the model with the ability to fuse neigh-
boring fronts aims at the explicit inclusion of inactive Rac. Inactive Rac might diffuse

faster than active Rac [97]. While active Rac is locally pinned, inactive Rac might be
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free to diffuse on a medium range and become activated at the periphery of the pinned
wave patterns. This would locally smoothen the patterns and may induce a fusion of
closely neighboring wavefronts.

In some experimental settings the lamellipodium of neutrophils often tends to remain
intact and cell migration follows a semicircular path ("U” turn) in response to a spatially
change of the stimulus [110, 111]. For this purpose we performed test simulations with a
spatially changing stimulus over time. However, we model was not capable to reproduce
this feature with an realistic account.

Finally, a limitation is that the cell requires for a stable polarization a stimulus which
spatially decreases superlinearly: We tested wether the model cell responds to linearly

graded stimuli. The linearly graded stimuli were defined by setting in fgtim

Tr1 — Tp
Ly

ki (£.2) = s7(t)a ( ) () e ), (4.2)
for fixed T'> 0, o > 0. For the values (T, )= (10, 0.5), (10,0.3), (8,0.8), (6,1), (6,0.5),
(3,0.4), the cell only develops transient polarity patterns. Figure 4.6 b shows that the
cell area in response to a linearly graded stimulus is highly increased. This leads to
an expiration of active Rac. However, the transduction from a external gradient to
an interior signal via integrins is not well understood yet. It may well be that the
transmission from external linear gradients to interior signals acting on Rho GTP bears
nonlinear transformations. On a multicellular level, e.g., it has been shown that cells
can amplify shallow gradients by transforming them into steep local gradients [112]. We

conjecture that this also applies to a certain extent on a singular cell level.

4.5 Parameter dependance

The model equations can be subdivided into a mechanical and a biochemical part. The
mechanical part consists of equations (3.49) and (3.51). The biochemical part consists
of equations (3.46) and (3.48).

A qualitative requirement of the mechanical system is that the default resting state has
to be an equilibrium point. This assures the cells ability to readopt the default resting
state in the event of expired polarity.

Qualitatively, parameter variations in the mechanical system primary effect the shape
determination of the model cell. The plots b-e in Figure 4.7 display the horizontal and
vertical extension of the cell after ¢ = 80s for parameter variations including viscos-
ity, pressure, treadmilling force, and contractile force, respectively. Viscosity: In the
parameter regime log(v*) € [—2, 1] the expansion of the cell along the horizontal axis
and the shrinkage in the vertical direction is almost linearly correlated to log(v*). For
log(v*) > 1 the cell shape transforms from the "V ”-shape to an elliptic shape. We could
not achieve robust polarity patterns if log(v*) > 1.5. Pressure: Changes in the pressure

coefficient in the regime log(IT*) € [—1, 2] have a minor influence on the cell shape. The
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FIGURE 4.7: Shape and motility dependance on parameter variation. Panel a: A
spherical model cell with parameters listed in Table 4.1 was stimulated by k!,. The
contour displays the shape of the cell at ¢ = 80s. The green line denotes L.y, the
horizontal extension of the cell. The orange line denotes By, ax, the horizontal extension
of the cell. Panels b-e display the effect on L.x and Bpax at t = 80s for variations of
a parameter p € R, respectively. The symbols 1, K, (r, (5 denote the parameters as
listed in table 4.1. Panel b shows the effect of variations if p is the viscosity coefficient.
n* is defined as n* := p/n. Panel ¢ shows the effect of variations if the pressure factor
Kg is replaced by p. II* is defined as IT* := p/Kj. Panels d and e display the effect of
variations if (r and (p are replaced by p, respectively. ¢} is defined as (f = p/(; for
i = F, B. Panel f displays the correlation between the movement velocity of the cell
at t = 80s and the intensity of active force if Fijeaq in (3.41) and Fiont in (3.45) are
replaced by F.; Firead and F. . Feont-

cell adopts a biologically unrealistic, bulky shape if log(IT*) > 2. Treadmilling force:
The system is sensitive to changes in (7. If (7 < 0.25, the cell remains almost static

with a spherical shape. The Rac activity front expires within ¢ = 100s. In the parame-

*

rax While having a minor

ter regime (3 € [0.3,1.25] (} correlates almost linearly with L
influence on B, . If (% > 1.5, the model cell adopts a biologically unrealistic cylindri-
cal shape. The polarity pattern, however, is still maintained for (7 = 1.5. Contractile
force: For small parameters log({p) < —0.5 extinguishes the polarity within ¢ = 100s.
The cell remains static and adopts a transient elliptic shape. If log(¢j) € [—0.5,0.7],
Lax is increasing until it adopts a plateau at log(¢j;) > 0. Bpax slightly decreases
for log(Cy) € [—0.5,—0.25] and recovers for values log((}) € [—0.25,0.7]. For values
log(¢) > 0.7, the cell adopts an elliptic shape and fails to maintain polarity.

Figure 4.7 panel f shows the migration velocity of the cell in dependance of the intensity

of active force. If F}; ¢ > 0.1, there is an

met < 0.1, the cell remains motionless. If F};

C
almost linear relation between vmean and F;.

While in the mechanical subsystem slight parameter deviations from the original cali-
bration primarily induce shape changes without influencing the polarization character-

istics, parameter variations in the biochemical subsystem may have a switch-like effect
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on the maintenance of the patterning mechanism. Although the particular choice of
the rate functions f1, fo, g is to a large extent arbitrary, a necessary qualitative fea-
ture of f1(7,u) is its bistability with respect to u. More precisely, it is required that
[u— fi(r,u)] : R — R has a non-empty parameter regime [7_,74] in which the dy-
namical system u' = f1(7,u) is bistable. While in the mechanical subsystem slight
parameter deviations from the original calibration primarily induce shape changes with-
out influencing the polarization characteristics, parameter variations in the biochemical
subsystem may have a switch-like effect on the maintenance of the patterning mecha-
nism. Although the particular choice of the rate functions f1, fs, g is to a large extent
arbitrary, a necessary qualitative feature of fi(7,w) is its bistability with respect to w.
More precisely, it is required that [u — fi(7,u)] : R — R has a non-empty parameter
regime [7_, 7] in which the dynamical system v’ = f1(7,u) is bistable.

An explanation and the contributing necessary conditions for patterning mechanism are

presented in Chapter 5.

4.6 Discussion

In this section we compare the simulation results to biological data.

In the Simulation part we demonstrated that the model cell adopts a pinned wave-front
in response to suitable stimuli and that polarization exhibits the demanded qualitative
features of maintenance and amplification, as presented in Section 1.2.1. We demon-
strated that in response to a single external stimulus an emerging wave-pattern of active
Rac predefines the cell front and that the concentration of RhoA is increased in the
back of the cell. F-actin is locally increased at spots of high Rac activity. Regions,
where the F-actin concentration exceeds a certain threshold where interpreted as the
lamellipodium. These simulation results coincide with experimental observations on the
polarization characteristics of mammalian neutrophils [113].

In the simulations the cell morphology changes due to the generation of the Lamel-
lipodium, characterized by a broad front and a tapered rear of the cell. We demonstrated
that simultaneously to the generation of the Lamellipodium directional cell movement
occurs. The movement approaches a constant speed within the first 80 seconds of about
v* = 0.19um/s that is maintained throughout the duration of the simulation. In vitro
experiments suggest, that leukocytes in response to fMLP adopt a morphological steady
state within 2 to 3 minutes [110], which fits the time required by the model in very good
agreement. Moreover the mean migration speed obtained by the model is in a good
agreement with experimental measurements. The in vitro measured mean migration
speed for neutrophils in focal chemoattractant chambers is of the order 10~ — 10%um,/s
[39].

We demonstrated that the model cell is sensitive to new incoming stimuli such that the
cell realigns towards new incoming stimuli. If the stimuli are applied at opposite ends,

the cell transiently develops a dumbell-like shape. The model cell repolarizes due to the
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dissolving of the lamellipodium at the former front and the lamellipodium reassembles at
the new, triggered Rac front. This coincides with experimental observations of prepolar-
ized and fMLP-reexcited neutrophils in cell chamber assays [114]. In other experimental
settings the lamellipodium of neutrophils often tends to remain intact and cell migration
follows a semicircular path ("U” turn) in response to a spatially change of the stimulus
[110, 111]. For this purpose we performed test simulations with a spatially changing
stimulus over time. However, the simulations revealed that our model cell lacks of this
feature. Thus, the model captures feature 2) presented in Section 1.2.1 to a certain
extent: Reversal repolarization is captured well, but only for special stimuli, while a "U”
turn response to certain spatially variable stimuli is not achieved by the model.

To a certain extend the model cell is capable to resolve multiple-front conflicts by the
resolution of these multiple fronts into a single axis of polarity. However, we demon-
strated that the characteristic crucially depends on the design of the stimuli. If stimuli
of the same duration and intensity are applied at opposite ends of the cell, a depolariza-
tion of the cell may occur. In this event the cell readopts its predefined spherical resting
state.

In the simulations we validated that the Rac activity front is confined by membrane
tension. An artificial reduction of membrane tension induces spreading of active Rac
across the whole cell domain. On the other hand, we demonstrated that mechanical ma-
nipulations affect the polarization process. If one end of the model cell is kept fixed and
the other end is polarized, the cell elongates until membrane tension exceeds a critical
level which induces depolarization. This characteristic coincides with experimental ob-
servations in which polarized neutrophils depolarize if the cell body is highly elongated
by external mechanical manipulations [11]

We demonstrated that the model cell responds to a spatially uniform increased stimulus
by swelling. The cell readopts the spherical resting state if the stimulus is removed. Cell
swelling in response to a homogenous chemoattractant has been observed in cells like
budding yeast [7] and is not directly related to neutrophil polarization characteristics.
We addressed certain limitations of the model. The model does not exhibit noise sen-
sitiveness. The model does either not respond to noisy initial conditions at all or it
develops unrealistic polarity patterns. A further limitation is that the model is not
capable of fusing neighboring wave-fronts into one single front, which we consider as a
restriction for the demanded feature 4) in Section 1.2.1.

Finally, we demonstrated that the cell requires for a stable polarization a stimulus which
spatially decreases superlinearly. To obtain robust polarization in response to a linearly
decreasing stimulus, the stimulus has to be transferred into a superlinearly decreasing
signal. It is conceivable that the signal conduction from external linear gradients to in-
terior signals acting on Rho GTP yields a nonlinear transformation of the gradient. On
a multicellular level, e.g., it has been shown that cells can amplify shallow gradients by
transforming them into steep local gradients [112]. We conjecture that this also applies

to a certain extent on a singular cell level.
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Taking the main aspects into consideration and reconsider the demanded features pre-
sented in Section 1.2.1, we conclude that the model captures the features 1) and 2) quite
well. Feature 3) is captured for certain types of stimuli, but the model does not exhibit
reorientation in response to spatially variable stimuli. The model renders feature 4)
quite accurately but is limited to the case in which competing stimuli are sufficiently far
apart from each other. Feature 5) is not supported by the model. We have validated
that the model exhibits feature 6), 7) and 8). Finally, we demonstrated feature 9), the
demanded ability to depolarize and to readopt a spherical resting state if membrane

tension is artificially increased.



Chapter 5

Mechanism of Mechanochemical

Wave-Pinning

In this chapter we present a simplified, spatially one dimensional version of the model
in which the ability to exhibit mechanochemical wave-pinning is retained. This chapter
can be read without knowledge about the subsequent chapters. In contrast to the orig-
inal model, we neglect the boundary forces and the internal pressure. Furthermore, we
assume that the polarity field is implicitly given by p = 1, and that the transition of the

active force from front to back is smooth.

The simplified model again consists of three interconnected units: biochemical signalling
of Rho GTPases, cytoskeletal mechanics, and membrane tension. The simplified model
considers the concentration profile of the Rho GTPases Rac and RhoA along a cell di-
ameter transect, front to back, approximated as a one-dimensional segment: Active Rac
and active RhoA are assumed to affect the mechanics of the cytoskeleton in two different
ways. Active Rac induces a protrusive force which leads to an extension of the cell front
and active RhoA induces a contractile force which leads to a shrinkage of the posterior.
Again, we assume that membrane tension is proportional to the diameter of the cell and
that it promotes RhoA activation and inhibits Rac activation.

To model Rho activation, we take a very simple reaction-diffusion approach. The active
Rho proteins are assumed to be slowly diffusing with respect to the size of the cell and
the time-scale in which polarization occurs, while the distribution of inactive Rho is
treated as a constant for simplicity. The activation functions for Rac and RhoA depend
on membrane tension. To preserve a general approach of the patterning mechanism,
we omit the explicit modelling of the Rho-related reaction functions. Instead, we list
qualitative features which the reaction functions need to satisfy. In order to describe
actomyosin mechanics as simple as possible, we resort to an extension of former models
[37, 38] describing the actomyosin as a mechanochemical gel: Filamentous actin (F-actin)

is treated as an active material with viscous properties. We assume that both, F-actin

70
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and myosin is always present in sufficiently high amounts and that they are distributed
homogeneously, such that we may tread them as constants. F-actin treadmilling and
myosin contractions take place at different locations of the cell. Usually treadmilling oc-
curs in the lamellipodium at the front of the cell, where the concentration of active Rac
is high. Myosin contractions, on the other hand, take place at the rear of the cell, where
the concentration of active Rac is low [58]. In the model, we artificially distinguish be-
tween the lamellipodium and the cell body by subdividing the cell domain with respect
to the profile of active Rac: We identify the lamellipodium as the set of points, where
the active Rac concentration exceeds a predefined value and identify the complement
with the cell body. We assume that the force due to treadmilling in the lamellipodium
is directed towards the outward pointing boundary normal and that the force exerted
by myosin contractions is oriented inwardly with respect to the boundary at the dorsal
cell.

In response to a local perturbation of the chemical subsystem at steady-state, a trav-
elling wave of active Rac is triggered which moves inside the cell domain and locally
defines the lamellipodium. Simultaneously the generated force in the lamellipodium ex-
tends the cell domain, which increases membrane tension. Membrane tension is assumed
to be an upstream for RhoA and Rac: On the one hand increased membrane tension
inhibits Rac activation, on the other hand increased membrane tension promotes RhoA
activation. An increase of active RhoA, in turn, induces a shortening of the cell domain
by affecting myosin contractions. The mutual inhibitory feedback-loop between Rac and
membrane tension may induce the wave to stall and to obtain a persistent wave front of
active Rac.

In this chapter, we formulate the model and list necessary conditions on the parameters
and reaction functions such that the model may exhibit mechanochemical wave-pinning
as depicted above. By the application of matched asymptotic analysis, we give a phe-
nomenological explanation of this phenomenon.

Thereby we assume that a perturbation of the system at steady-state initiates a transi-
tion layer between two stable points of the system. We demonstrate how the transition
layer generates a travelling-wave-like solution which is stalled and then is maintained
due to the dynamical organization of membrane tension. We argue that the stalled
wave-profile may approach a standing shock-wave on longer time scales. In the biologi-
cal context, this result represents a persisting pattern of high Rac concentration at the

front and a low Rac concentration at the back of the cell.

5.1 Model equations

We consider a one dimensional strip of the cell from top view, see Figure 5.1 (a). We
assume that the strip contains a fraction of the plasma membrane, where active Rho
is located, and a fraction of the AMC. We assume that appreciable chemical gradients

do not develop in the height direction of the cell and thus consider a single coordinate
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X, X e OO Dl

FIGURE 5.1: (a) Our model represents a 1-D strip across the cell diameter with end-
points z_ and x4, shown top-down and sideview. (b) Possible choice of the position ¢
in the transition layer.

x. We assume that the height of the plasma membrane and of the AMC is negligible,
respectively. Thus, we approximate both the plasma membrane and the AMC as residing
in the same 1-D domain. The edges of the strip may be convected due to the active
mechanical behavior of the cytoskeleton. For the initial resting state, we assume a cell
diameter of L = 10 um. At time ¢ € R, the cell strip is denoted by

Q = (x- (1), z4(1)),

where the boundary points

r4(t) = max {z(t) | 2/(t) = v(t, z(t)), =(0) € (0,10)},
z_(t) = min {z(t) | 2/(¢t) = v(¢, z(¢)), z(0) € (0,10)}

depend on the displacement by the velocity of the actomyosin flow; see Figure 5.1 (a).
We define the space-time cylinder

Q) = [J ({t} x (a—(t), 2+(1))) -
tel

as the spatio-temporal domain on which the model equations will be defined. The active

forms of Rac and RhoA on €(t) are modelled by a reaction-diffusion approach:

Oyu — DyAu + div(uww) = fi(7,u),

(5.1)
Orw — Dy Aw + div(wv) = fo(7, u, w).

Here, u denotes the concentration of active Rac, w denotes the concentration of active
RhoA in mol/pum?, respectively. The variable 7 is a dimensionless measure of membrane
tension and will be defined in the following. D, and D, are the diffusion coefficients of
membrane based Rac and Rho in ym?/s. Rac and RhoA activation are modelled by the
kinetic functions f; and fo, which will be specified in Section 5.4. For simplicity, we do
not model the dynamics of the inactive forms explicitly.

Since €y may be convected by the velocity field v, the reaction-diffusion system for
Rac and RhoA transform on (¢) in Euler coordinates to a reaction-diffusion-convection
system with the convection term div(uv) and div(wv), respectively [79]. The variable 7

is a measure for membrane tension, normalized such that the initial tension is 79 = 1
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and defined by
T=0.1(zy(t) —x_(1)).

v The velocity field describes the material flow of actomyosin. The constitutive equation

of the active material is here given by
o = ndyv + o,

The total stress o consists of viscous stress nd,v , where 7 is the viscosity, and an
actively generated stress o2t that is assumed to be dependent on the active Rac and
Rho concentrations u and w. Neglecting inertial forces, typically valid on a cellular

scale, we write the force balance as
Opo = &v,

where we have introduced a friction coefficient £ to account for relative motion against
the substrate. Locally, the actively generated force —g := 9,0%" is subdivided into
two regions. In the lamellipodium F-actin treadmilling is assumed to exert a constant
force (r pointing to the outer boundary. For the cell body, we assume that exerted
force due to myosin contractions is proportional to the deviation of the active RhoA
concentration w from its steady state concentration wg. The generation and localization
of the lamellipodium is controlled by active Rac: We identify the lamellipodium as the
set of points in €); for which u exceeds a threshold value wu;y,. Thus, we set for a small
0>0

9(y,w) = (r, wherever y > gy, (5.2)
and
g(y,w) = (pKs(w — w®), wherever y < ug, — 0. (5.3)

Since we presuppose the existence of analytic solutions, the transmission y — g(y,w) on
[tthr — 0, Uthy] is assumed to be smooth. Thus we model the active force by a smooth func-
tion g(y,w), monotonous in y, that satisfies (5.2) and (5.3). Taken together actomyosin

mechanics in €(¢) are modelled by the equation
ndev — &v = g(u, w). (5.4)

For the reaction-diffusion equations (5.1), we assume that the total mass is conserved

within €, if Rho activation is inhibited, i.e. if f; = fo = 0. This assumption leads to
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zero-flux boundary conditions:

D) + v(xu(z_) = pules) + v(as Julzs) = 0,
Jpw(x_) +v(z_)w(z-) = dpw(zy) + v(zy)w(xzy) = 0.

Moreover, we assume that no force on the boundaries of €, is applied, which yields
Ozv(z—) = Ozv(z4) = 0.

The initial conditions of subsystem (5.1) are chosen such that the system is at homoge-

nous steady state. This will be specified in Section 5.4.

5.2 Nondimensionalization

5.2.1 Scaling parameters

Let v* be a typical velocity. Let m be a typical concentration for v and w. Let &1, & be
typical rates of the reaction functions f; and fs, respectively. The initial domain length
of the cell strip is denoted by L. We introduce the dimensionless variables @, W, U, Uy,

T, t by writing

— *

u=mu, w=mw v=07, vy=0V, z=LT, t:L(ngu)_lf.

We introduce the dimensionless reaction functions f; and f, defined by

_ 1 — 1
f Tvﬂ = 7f1 T,u), f ’T,a,@ = 7f2 T,Uu,Ww),
() = i), Far @) = = o)
where &, and & are parameters of the dimension 1s™'. &; and & stand for the typical
reaction speeds of the respective functions. The rescaled active force function g takes

the form
1

g(u,w) := C—Fg(u, w).

In particular in the upper and lower bounds g adopts the values
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where @° = m™ w, Ty, = m ™ ugyy, and 6 = m™16.

We set

_(Du )1/2 v _&
1=\ 72 v 2= T 837

§1L2 &1L’ &1

* 1/3 *
_ (- = U o _m
54_( cFL2> I

5.2.2 Parameter values

We take for L the length of the cell strip at rest: L = 10um. Active Rho proteins
are attached to the plasma membrane. For typical normal conditions, the diffusion
coefficient of membrane-based Rho protein is of the order 0.1 um2s~! [98]. Hence, we
take D, = D, = 0.1 um?s~'. We premise that the reaction functions f; and fo act
on timescales of 1s and 10?s, respectively. This will be expressed by taking the corre-
sponding rates &, = 1s7! and & = 1072s~!'. For v* we take the mean migration speed
of the 2D-model, calculated in Chapter 4: v* = 0.19um/s. The concentration m is set
to m = lumol/ dm?. For the viscosity coefficient we assume 7 = 107Pa s and the factors
contributing to the actively generated forces are set to (r = (g = —2.1 - 10%Pa.

The used parameters are the same as for the original 2D-model, see Table 4.1.

A comparison between the rescaled parameters reveals that 1, €9, €3, €4 are of the same

magnitude of about 1072, Thus, we take
EI=E1 =€Eg=E3=¢&4

as an approximation.

5.2.3 The dimensionless system

Substituting these expressions in system (5.1), (5.4) and dropping the bars on the di-
mensionless variables and parameters, and using the same symbol f; (i = 1,2), g for the

dimensionless right-hand sides, we obtain the non-dimensional system

edu — 2 Au + v, Vu = fi(r,u), (5.5)

e0pw — 2 Aw + ediv(wv) = e fo (T, u, w), (5.6)
—&3Av + &v = g(u, w), (5.7)

=t~z (t), (5.5)
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with the boundary conditions

e0gu(z_) +evu(x_) = edgu(zy) + cvu(zy) =
edyw(z_) + evw(z_) = edyw(zy) + cvw( (5.9)

Opv(z_) = Opv(z4) =

K
T
[
o o o

The system is defined on the rescaled space-time cylinder

Q(t) = U ({t} X (x_(t),x+(t))),

tel

where

Assumptions on ()

Q; is assumed to remain simply connected, which requires that if X; < X, then
x(t, X1) < x(t, Xo) for all . This implies that the mapping

X = z(, X)

is injective. Consequently, if the mapping is differentiable follows that the metric tensor
Oxx(t, X) does not vanish for any (¢, X). By construction the mapping [X +— z(-, X)] is
surjective. Therefore the inverse A(t,z) of [X +— x(-, X)] exists, which gives the initial
location of a position x at time ¢.

By assuming that €2; is simply connected, the boundary values can be written as solutions
of the ODEs

5.3 Analysis outline

We are interested in wave-like solutions of the variable u if the parameter ¢ is very small
(0 <& << 1). In general, wave-solutions of parabolic equations are only defined on
unbounded domains. In order to attribute to wave-like solutions on bounded domains,
we introduce the notion asymptotic wave-front solution for a parabolic equation that is
defined on a bounded domain. Therein a suitable expansion of the solution is rescaled
to an inner domain depending on € which formally approaches an unbounded interval

if € tends to zero. In the inner domain we seek travelling wave-front solutions for the
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leading order term of the expansion. Afterwards the travelling wave-front solution has
to match the boundary conditions of the original system. This approach is based on
matching asymptotic expansions (cf. [115]) and will be specified for our needs in the
following.

As a starting point, consider the reaction-diffusion equation
€0yz — 20?2 = f(z) on (0,T) x (a,b), (5.10)

where f : R — R is a smooth function, T > 0 is a given time, and —oco < a < b < o0

refer to the bounds of the domain.

Definition 5.1. Let a = —o0, b = 0o. Equation (5.10) possesses a wave-front solution
Z(\) = z(t,z), A:=ux—ct,
with wave-speed ¢ € R if (Z, ¢) is a solution of equation (5.10) satisfying

lim Z(\) # lim Z(A).

A——00 A—00

Now consider the case in which (a, b) is finite and equation (5.10) is complemented with

the boundary conditions

Orz(t,a) = 0,2(t,0) =0 for 0 <t <T. (5.11)

We are interested in wave-like solutions of the bounded system.

Definition 5.2. Assume that for every ¢t € (0,7) there is an element ¢(t) € (a,b) and

a segmentation

U(t) = {(a, ¢(t) — e), (6(t) — &, (t) + €), (¢(t) +&,b)}

of (a,b), such that equation (5.10) possess a solution u, analytic with respect to ¢, on
each element of U(t). We refer to this solution as an asymptotic wave-front solution to

the leading order of the boundary-value problem (5.10)—(5.11) if for the expansion
w = up + ure + uge? + ... (5.12)
the following statements hold:

(1) Outer solution. The leading-order term ug (¢, x) of expansion (5.12) is constant on
(a,¢(t) —e) and (¢(t) +¢€,b), respectively, with

uy # ug,

where ug = ug(t,-)|(a, () — €) and ug = ug(t,-)|(A(t) + &, b).
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(2) Inner solution. Let x € (¢(t) — e, d(t) + ). The leading-order term ug(t, A) of

expansion (5.12) possesses a wave solution Uy(A) in the sense of Definition 5.1

(with respect to the stretched coordinate A = m_Td)(t))

(3) Matching inner and outer solution. The inner and outer solutions satisfy

lim U(\) = uf.

A—*Foo

It should be stressed that this approach serves only as an approximation of the orig-
inal solution. Nevertheless, it provides an insight into the structure of the patterning

mechanism.

5.4 Patterning mechanism

The patterning mechanism is based on the following characteristics: The scaling-parameter
¢ is thought to be very small (¢ << 1), and the right-hand sides satisfy the following

properties:

(i) Bistability. The dynamical system dsu = f1(7,u) is bistable for fixed 7 in a para-
meter range Tmin < 7 < Tmax- Lhe initial tension 79 = 1 is contained in [Tmin, Tmax)-

The stable points are u_(7), u4 (7). The unstable point is u.(7). It holds u_(7) <
ue(T) < uy (7).

(i) Mechanical response. The threshold wty, satisfies u.(7) < utny < uy(7) for mmin <

T < Tmax-

(7i1) Velocity-sign condition. The integral mapping

u4(7)
I(r) = /u D du

is continuous and vanishes for a unique 7. € [Tmin, Tmax|-

(tv) Intermediate wave-control 1. We write fi(7,y) := fa(7,uy(7),y). For any 7 €
[Tmin, Tmax] the ODE
dty = er(Ta y)v y(O) > 07

has a unique, non-negative solution.

(v) Intermediate wave-control 2. We write f_(1,y) := fa(7,u_(7),y). For any 7 €

[Tmin,s Tmax] & solution w_(7) of the ODE

diy = f—(Tv y)? y(()) = w07
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satisfies

<¢ b ifr <,
ng,(T)—wO =¢t ifr=r,

>¢ b oifr > 7.

In particular, we assume that f_(7,w?) = 0 if 7 = 70, Moreover, for any parameter

y > w? and 7 € (79, Tiax) holds

<0 if 7 <7,
f—(T’y) =0 ifr=m1,

>0 if > 7.

The dynamics of system (5.5)—(5.9) take place on three time scales, short-time (of the
order t € O(e)), intermediate time (of the order ¢ € O(1)), and long-time (of the order
t € O(1/e)). On the intermediate time-scale the wave is pinned. We will briefly explain
how a wave-like solution in wu(¢,x) is initiated on the short time scale and is pinned on
the intermediate time scale by using matched asymptotics with respect to the parameter

E.

5.4.1 Perturbation of the initial values at short times

We consider system (5.5)—(5.9) to be initially at homogenous steady state. In particular,
we take for u the lower homogenous steady state, i.e. u = u% = u_(7°). Assume now
that the initial value of the first equation in (5.5) is perturbed by the addition of a

monotonous function fgim () with the property

fstim(2-(0)) = u— (7—0)7 fstim(2+(0)) = u-&-(TO)'

Since [u — f(7,u)] is bistable, we assume that this perturbation initiates a transition
layer: There is a x5 € L(0) such that u(t,z) for x > x, € L(0) tends to uy (7°) and that
up(ts, z) for x < x5 € L(0) tends to u_(7°).

5.4.2 Behavior at intermediate times

The assumed profile for u obtained in the short time scale provides the initial condi-
tion for u on the intermediate time scale t € O(1). We use the technique of matched
asymptotic expansions to show that to the leading order a travelling wavefront evolves
which is pinned within the intermediate time scale. At first we discuss the outer solution
and afterwards we discuss the inner solution. Let ¢(¢) be the position of the transition
zone where u transfers from u_(7) to us (7). We refer to ¢(t) as the location of the

wave-front; see Figure 5.1 (b).
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Outer solution We analyze system (5.5) — (5.9) in the vicinity of the boundary.
Therefore it is convenient to describe the system in Lagrangian coordinates, see e.g.
[116]. By construction, in Lagrangian coordinates the advection terms in equations
(5.5), (5.6) drop out, and system (5.5)—(5.8) takes on (¢, X) € I x (0,1) the form

edux — 20y (]\148XUX) = fi(r,ux),

1
Eath — 628)( (M(?wa> = EfQ(T, uX,wX),

1
7638}( (MaXUX) +vx = ]l{“XZuthr} + CIL{UX<chr]’(U}X o wO)’

T=x4(t) —x_(t).
The boundary condition transform to

Eiaxux(()) = €L8Xux(1) =0,

M M

1 1

—_— prnd —_— 1 =
EManx(O) EManx( ) O,

0,v(0) = d,v(1) = 0.
Here
ux(t,X) =u(t,z(t, X)), wx(t,X)=w(tz(t,X)), vx(t,X)=0vtz(t X))

are the trajectories of the concentrations u, w with the initial position X at time ¢t =0
and the advection-velocity of the initial position X, respectively. M is induced by the

metric tensor and given by
M(X) = |0xx(t, X)].

The boundary locations at time ¢, in particular, read as z_(t) = x({,X = 0) and
i (t) =z(t,X =1).

Let now x € (x_(t),p(t)—O(e)) or z € (¢(t)+O(e), x4 (t)). Since € is simply connected,
this is equivalent to X € (0, A(¢, ¢(t) — O(e)) or X € (A(t, ¢(t) + O(e), 1). Expanding

uX(t,X) = qu(t, X) —i—qu(t, X)€+

and likewise for wy, vy, substituting the expansions into System (5.5) — (5.8), and

retaining the leading order terms yield the outer solution:

fi(r,uxo) =0, (5.13)

dwxo = f2(7,ux0, wx0), (5.14)
vxo = g(uxo, wxo), (5.15)
T=u4(t) —x_(t). (5.16)
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For the boundary conditions (5.9) we obtain to the zeroth-order homogenous Neumann-

conditions :

Oxuxo(t,0) = Oxuxo(t,1) =
Ixwxo(t,0) = Ixwxo(t,1) =

We obtain from (5.13) and its homogenous Neumann-boundary conditions the outer

solution of wg:

D {um, 0< X <At 6(t) ~ O()), (5.17)
u-(r), A6t +0) < X <1,

which is equivalent to

woltone) — {um, z-(t) <@ < 6(t) - O(e), (5.15)

u_(7), ¢(t)+0(e) <z < zy(t).

Apart from the outer solution of ug we obtain qualitative data of 7. Since 7 is an integral
expression over the whole domain, 7 is affected by changes in the size of the domain.
This will be shown now.

Substitution of (5.17) in (5.14) yields for X — 0 and X — 1 the expressions

dth()(t,O) = f_(T, wX()(t, 0)), dtho(t, 1) = f+(T, wX()(t, 1)) (5.19)

due to the homogenous Neumann conditions in x_, z4. Substitution of (5.17) in (5.15)
yields for X — 0 and X — 1

1
vo(t,z—) = g(wo(t,x) —w®), wlt,zy) = 3 (5.20)
Equation (5.19) and equation (5.16) imply

dyr = 2 (1 Cluo(t,a) - u?)) (5.21)

From condition (v) and equation (5.20) we obtain

<0 if 7>,
dit{=0 ifr=r, (5.22)

>0 ifr<r..
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Consequently, 7 is increasing in the beginning of the intermediate time-scale. Further-

more, differentiation of (5.21) with respect to t yields for 7 > 79

<0 ifr>r,
d?T =0 ifrt= Te, (523)

>0 ifr<r.

T is a spatially global variable and the qualitative behavior of u depends on changes of

7. In the next paragraph will be shown how 7 locally affects the inner solution of (5.5).

Inner solution We will show now that to the leading order the inner solution has a
wave-like solution. For the treatment of the inner solution, we reconsider the system in
Eulerian coordinates. Close to the front ¢(t), a stretched coordinate A\ = (z — ¢(t)) /e is

introduced. The inner solutions of u and v are denoted by U and V, respectively, where

U(t,\) = ut, (z — ¢(t))/e), (5.24)
V(t,A) = o(t, (z = ¢(1)) /¢) (5.25)

Note that (5.24) is not a wave-front solution in the strict sense, since the wave-speed

d¢/dt is not constant. We consider the expansions

U(t, )\) :Uo(t, )\) + Ul(t, )\)8 + ...,
V(t,A) =Vo(t, \) + Vi(t, Ne + ...,
P(t) =¢o(t) + d1(t)e + ... .

Substitution of these expansions into (5.5) and writing fi(7,U) as a Taylor series with

respect to ¢ yields

1 1 1
e Un(t, A) — eO\Uo(t, A)=depo(t) — e203Uo(t, N) = + eVoOaUo(t, A) =
< ) € < (5.26)
= fi1(1,Uy) — eUpOrxVo(t, )\)g + higher order terms in .

In order to simplify this equation, it would be desirable to get rid of the dilution term
O\Vo(t,\) on the right hand side. The numerical simulations in the Chapter 4 indeed
reveal that after some spatial fluctuations V| settles to an almost spatially constant value
at intermediate times. The reason behind this is that after some time both, the active
force at the front and the active force at the back, are approximately equal, which induces
[Vg(u,v)| =~ 0. At this point this cannot be shown from our asymptotic approach.
Therefore, to keep the analysis simple, we assume henceforth that the expansion of V'

on the intermediate time scale takes the form

V(t,\) = Vo(t) + Vi(t, \)e + higher order terms in e.
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(This is, for example, the case if the gradient Vg : R> — R? is of the order of ¢, i.e.

IVg(y1,y2)| < e for all (y1,42) € R?.)

Under this assumption, the dilution term Upd\Vp(t, A) on the right hand side of (5.26)
vanishes. If we neglect in (5.26) higher order terms, we obtain to the leading order the

equation
03Uy — (dppg — Vo)OwUp + f1(7,Up) = 0., (5.27)

where Vj only depends on ¢. Inner and outer solution of ug match if the solution of
(5.27) adopts the limits

lim Up(t,\) = u_(7), Ali_)rrgo Uo(t, ) = uq (7). (5.28)

A——00

Due to the scaling of (5.5) we may neglect the term £9,Uy(¢,\) in which the time
derivative of Uy appeared. The advantage is that we can consider now equation (5.27),
due to the bistability of fi(7, Up), as a classical wave-equation at each time ¢ > 0.

The following statement holds:

Theorem 5.3. For each (t,7) € Ry X [Timin, Tmax| €zists a smooth solution Ug)(t,)\,r)
of equation (5.27) satisfying (5.28). The solution is unique up to translation, i.e.: If
Ug(t, A\, T) is also a solution, a suitable h € R exists such that

US(t, N+ h,7) = Ug (£, A, 7).
Moreover, there is a constant M > 0 such that

</Oo (O\US (t, A, 7))? dA) <M forallteR. (5.29)

The velocity of the wavefront relative to the moving cell is

o(t,7) == didy — Vi = (/Oo (ONUL (1, A, 7))° d>\> - /u:(? f(r,s) ds. (5.30)

Proof. A proof of the existence and uniqueness up to translation can be found in [117].

Corollary 1.3.5 in [117] implies due to the continuity of I(7)

/_oo(ﬁAU(‘f(t,/\,T))z A< |I(F)) < max |I(r)| = M.

TE[Tmianmax}

Multiplying (5.27) by BU[‘)]5 /O and subsequent integration from A = —oo to A = 400
yield equation (5.30). O
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Wave-pinning We demonstrate now how the wave-speed of a wave-front solution of
(5.27), (5.28) is affected by the system. Theorem 5.3 states that the wave-speed is
controlled by the generation of tension 7. Two considerable cases may occur: 7 > 7.
and 7 < 7.. We will show that in both cases the system approaches 7.

It is easy to see that the mapping [t — c(¢,7(¢))] is continuous on R. Consider the case
where 7 > 70 and c(t,7(t)) < 0. Then, the right hand side of (5.30) is negative and
condition (i73) implies 7(t) € (7°,7.). From relation (5.22) and relation (5.23) we obtain
dy7(t) > 0 and d?7(t) > 0 as long 7(t) < 7. This implies that a time ¢, € R exists such
that

T—=1 fort—t,.

From condition (7i7) and (5.30) follows
c(t, (1)) (/ (OAU(?(t, A, 7))? d)\) —0 fort—t;.

The mapping [\ — Ug) (t, A\, 7)] is smooth and (5.28) implies that the mapping is non-
constant for any (¢,7) € Ry X (79, Tynax]. This implies ||Ug)(t, 5 T)llem) > 0. Hence, we
obtain

c(t,7(t)) >0 fort—t,.

Assume ¢(7) < 0. Similar as above can be shown that a time ¢ exists such that
c(r) =0 fort—t}.

We obtain that in both cases the velocity approaches pointwise to zero in finite time.

Figuratively, this means that the wave-speed oscillates around zero at times ¢ € O(1).

5.4.3 Behavior at long times

We investigate the behavior of zeroth-order solution on the long time scale ¢; = %t,
whereby we assume that the initial conditions for v on the long time-scale are given by

an asymptotic wave-solution as presented in the former section.

Lemma 5.4. Let t; = %t. Then v has the scaling property

Proof. Let X be the initial value of the trajectory x(t) = z(t, X) generated by the field
v(t,z). We obtain

o(t, 2(t)) = Oy (i) _ é&tlx(tl) — o(ty, 2(t).
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fi(,u) T u
A A A
A,
- >0
A S u o)
<7, I(1)>0 > X > X
fi(T,u) T u
A A A
A
Z \y c(1)=0
T
1=1,, 1(1)=0 > x > x
fi(T,u) T u
A A A
ANy c(1)<0
A, Tu
>, 1(1)<0 > x _

F1GURE 5.2: Intuitive illustration of mechano-chemical wave-pinning based on the
velocity-sign condition (ii4). The left column shows the reaction rate fi(7,u) in de-
pendency of u for fixed 7. The column in the middle shows the response of 7 due to
increasing membrane tension induced by the elevation of w. The right column displays
the related spatial distribution w. The arrow denotes the current velocity ¢(7) of the
travelling wave-front. A; (resp. As) is the enclosed area between the negative (resp.
positive) part o f(7,u) and the abscissa. If A; < Ag (resp. Ay > Aj) follows I(7) > 0
(resp. I(1) < 0). If Ay = Ay is I(7) = 0 and the wave is stalled.

Once again we consider system (5.5)—(5.8), but now on the time-scale t; = t/e. Writing

u, W, U as expansions

U = Ug + U1 + ...,
wW = wo + W1€ + ...,

UV =g+ V1€ + ...,
and substitution into (5.5)—(5.6) yields up to zeroth order on the time scale

8tlU0 + Bx(vouo) = fl (T, uo), (531)
atle + am(’Uow()) = 0, (5.32)

where we used Lemma 5.4. Moreover, if we assume that ug possesses a wave-like solu-
tion as constructed in the former section, we obtain from (5.8) for values close to the
boundaries

Evo =1, if z is close to x4 (t),

(5.33)
€vo = C(wo —wy) if x is close to z_(t).
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The boundary conditions imply that close to the boundaries wqg is constant. In the
intermediate timescale holds that 7 is close to 7.. Thus, we obtain from condition (v)
that w — w® ~ ¢~! at intermediate times. If we assume that close to the boundary
wlo = ¢! — w? is the initial value for w on the long time scale, we can deduce from
(5.33) that the boundaries x_ and x; are convected with the same speed, as long as
the wave-like solution in ug persists. In this case, the interval does not change in size at
longer time scales. It follows 7(¢;) = 7. and vy = const.

Now we consider the behaviour of the solution ug at long times and assume that the
solutions on this scale are analytical in . (If we considerd (5.5) with respect to the
stretched coordinate A = (z — ¢(¢;))/e once again, and matched the equations, we would
obtain the same result.) Consider the moving coordinate A\ = x — z_(¢;) and set \; = 0,
Ar = 24 (t; = 0)—x4(t; = 0). With respect to this coordinate, equation (5.31) transforms

to
Oy uo(ti, ) = fi(e,uo)  on I x (A, Ar), (5.34)
since vo(z4(t)) = vo(x—_(t)). The boundary conditions transform to
Ouo(tr, ) = Oauo(ty, Ar) = 0.

We assume that the initial value u) for ug at long times is given by the constructed
wave-solution of ug that is generated at intermediate times. Moreover, since 7(;) = 7,
we may deduce that the initial value u has the wave-speed c¢(7.) = 0, which means that
the wave moves with the same speed as the reference frame [z_(¢;), z4(t;)]. Then we
can express u) in dependency of A and obtain that u)()\) is sigmoidal and satisfies the

boundary conditions
ug\) = u—(1e),  ug(Ar) = us(re),  dyug(Ar) = dyug(Ar) = 0.

Since [y — f(7¢,y)] is bistable, it is well known that the dynamical system (5.34) under

these initial values approaches to

Cc)» .f 0 A > C CcC)y
UQ(tl, )\) — U+(7') ' UO( ) " (T ) for t; — oo.
u_(1e), ifud(\) < ue(re),

Since ud(A) is sigmoidal, we can deduce that limy, o uo(t;, A) has the shape of a shock

wave: There a A\, € (\;, \,) exists such that

uy(71e), if A> A,
lim ’U,O(tl, )\) = +( )
ti—oo u_(70), if A<

Consequently, if the assumptions hold, the stalled wave persists at longer times spans,

but looses regularity and transforms into a shock wave.



Chapter 5. Mechanism 87

5.5 Discussion

We presented a simple, spatially one-dimensional model of tension-mediated Rho GT-
Pase polarization. We rescaled the system to a non-dimensional system where the reac-
tions and diffusions take place on different powers of a small scaling parameter €. Based
on matched asymptotic analysis we have argued heuristically how a wave solution in the
zeroth order approximation ug of u evolves and is stalled with respect to the moving
reference interval. We argued that at longer time scales the stalled wave-solution may
transform into a shock wave that moves with the same speed as the reference interval.
These characteristics can be interpreted as a pattern mechanism that enables a cell to
generate a persistent front and a persistent back. Bistability of the activation function
for Rac in a certain parameter regime is a necessary condition for our mechanism to
work. In a biological context bistability may arise from positive feedback due to GEF-
Rho complex formation which catalyzes Rho activation [63].

The novelty of the presented pattern mechanism is that it depends on the coupling be-
tween a system of reaction-diffusion equations (for u, w) that are weakly coupled with
an integral equation (for 7), which globally affects the reaction functions. The presented
explanation of the generation of wave patterns is purely phenomenological and must
not be regarded as a rigorous proof. A major simplification is that we only investigated
terms of zeroth order. To this order the scaling of the system allowed us to ignore the
time derivative €0;Uj such that we could find travelling wave-solutions. For higher order
terms the time derivative cannot be neglected and the analysis becomes far more com-
plex. Since then we cannot find wave solutions in a classical sense for these terms, we
have to consider if the higher order solutions approach to a wave (or, in the most trivial
scenario, approach to zero). However, if the higher order solutions in fact do approach
to a wave, it can be shown that the wave-speed must be different from zero, cf. Theorem
5.2.2.1 in [117]. On the other hand, a non-zero wave-speed may perturb the amount of
membrane tension 7, which in turn slows the wave-speed. This interaction may lead to
an oscillatory behavior where one part of the system tries to approach to a state which
is unstable for the other part.

Analytically this behavior seems to be hard to verify for multiple reasons. Firstly, a
stability analysis requires knowledge about the spectrum of the linearized system. How-
ever, the spatial differential operators are defined on unbounded domains. There, the
spectrum of the Laplace operator includes not only discrete eigenvalues, but also a con-
tinuous spectrum. Moreover, it can be shown that the linerarized equations for the
higher-order system have a zero eigenvalue. In order to cope with these characteristics,
a different notion of stability is required which is called stability with shift and classical
asymptotic stability results cannot be applied. (We refer to [117] for a deeper treatment
of stability properties of travelling wave solutions.) Secondly, we cannot treat perturba-
tions of 7 near 7. as a classical bifurcation problem, where we could seek for conditions
of a Hopf-related bifurcation since 7 affects the quality of the solution at finite time in

a way that prevents to solution to approach a steady state.
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In numerical simulations of a related model, however, oscillations in the wave-speed are
observable [108]. Since the oscillations seem to be partly independent of the choice of
the time iteration size and of the mesh size which represents the domain €, it is likely
that the oscillations emerge form the approach of higher order solutions to waves with
non-zero speed and the repelling impact of tension 7.

Nevertheless, the asymptotic explanation presented in this chapter provides an insight of
the qualitative behavior of the solution. The necessary conditions for mechanochemical
wave-pinning listed in Section 5.4 give an account of the coupling between cell mechanics
and biochemical signalling in order to achieve robust polarity patterns. In this context,
we consider our model as a minimal model with the ability to exhibit mechanochemical
wave-pinning, which may serve as an guideline for more detailed mechanochemical po-
larization models.

Thereby the model provides possible biological implications. We hypothesized that
membrane tension inhibits Rac- and promotes RhoA-activation. Although the molec-
ular mechanisms by which cells sense and respond to mechanical signals are not fully
understood, there are several known mechanisms by which a cell could translate mem-
brane tension into chemical signals [43]. It is known that Rac activation is catalyzed
by GEF-complex formation while RhoA inactivation is facilitated by GAP interaction
[63]. A possible implication of our model is that membrane tension may mechanically
promote the recruitment of Rac specific GEF and RhoA specific GAP.

The small parameter € exploited in our analysis depends on several biological param-
eters, including the diffusion coefficients, the reaction rates and the domain size. Our
fundamental assumption 0 < e; << 1 is satisfied by virtue of the ratio between the
slow diffusion of membrane based Rho-proteins and the relatively large size of the do-
main. Assuming a typical cell diameter of 10 yum, a reaction time scale for Rac activation
¢; = 1s7 1, and diffusion coefficients D,, = D,, = 0.1 um?s~!, the non-dimensional factor
of the diffusion of Rho proteins is €; &~ 0.03. We consider €; to be sufficiently small to
use an matched asymptotic approach. However, if the diffusion coefficient is increased
by a magnitude, the activation speed 7, is increased to & > 10 s™!, or the cell length
is decreased to L < 0.1 um, the scaling parameter 1 is of the order 0.1. For this order
matched asymptotic analysis is not suited anymore to justify the phenomenon of wave-
pinning. On the contrary, based on findings for a comparable model [33], we conjecture
that in this setting wave-based pattern formation fails. (Similar considerations apply to
the assumption 0 < g5 << 1.)

Such predictions are partially experimentally testable. Cell fragments whose ability to
polarize is retained [53] could be made successively smaller to test the effect of the do-
main size. In the model the activation rate of Rac can be varied by changes in membrane
tension. If membrane tension is drastically increased, we expect that Rac activity pat-
terns extinguish. Aspiration experiments in neutrophils show that increased membrane
tension can result in dissipation of polarity [11], which supports this thesis.

A further requirement of the model is €3 << 1, which means that RhoA activation

has to be slower than Rac activation. Since the model neglects possible delays due to
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downstream effectors targeting at actin treadmilling and AMC contractions, we cannot
conclude directly that this characteristic has to be mirrored by experimental investi-
gations. However, if we also take the mechanical response into consideration, from a
biological viewpoint the requirement suggests that Rac mediated front protrusions oc-
cur at shorter time scales (of seconds) than RhoA mediated contractions of the rear
(within minutes), which may be experimentally testable by the manipulation of the
amounts of Rac and RhoA in a cell [118].

The parameter €4 represents the rescaled viscosity of the actin gel. Assuming the values
n=10" Pas, (r = —2.1-108 Pa, and v*, L as listed above, the non-dimensional factor
is £4 &~ 0.04. In the model equations &4 occurs with a cubic power. We consider mild pa-
rameter variations in €4 as unproblematic. The analysis of the model is unaffected if 4
is increased to the order 107!, (Then &4 has a quadratic power in the model equations.)
If 4 is drastically increased, we expect that contractile and protrusive forces globally
interfere with each other such that the cell looses its ablilty to move. In consequence
the cell is not able to generate membrane tension which prevents the establishment of
a persistent front of active Rac. This expectation could be tested experimentally in the
case in which the protrusive force is highly attenuated. This may be obtained when the

already polarized cell hits an obstacle which resists the protrusive force.
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Discussion

6.1 Model summary

We proposed a mechanochemical model to explain cell polarization in neutrophils. Ex-
perimental investigations have shown both, biochemical and mechanical signal transmis-
sion to be necessary for a persistent polarization in neutrophils [11]. Membrane tension
is regarded as a suppressor of Rac activation. Our model includes this role of membrane
tension and provides an account how biochemical and mechanical signalling could inter-
play to generate locally confined activity patterns of the Rho distribution in response
to external gradients. We computationally demonstrated that the mechanism captures
certain key features of polarity in neutrophils and generates a cone-like cell morphology
with a broad cell front and a tapered rear. The model contains a strongly simplified cir-
cuit consisting of the functional units Rho GTPase signalling, actin polymerization, and
force exertion due F-actin treadmilling and myosin contractions. In response to an ex-
ternal stimulus, Rac is locally activated. Active Rac promotes actin polymerization and
directional F-actin treadmilling and suppresses RhoA activation. Subdomains whose
F-actin concentration exceed a certain threshold were identified with the lamellipodium.
The pushing force generated by F-actin treadmilling propels the lamellipodium forward.
This induces an increase of membrane tension due to the spatial extension of the cell do-
main. The increase of tension prevents active Rac to spread across the cell and confines
it to the leading edge. If tension would increase without restriction, also the remaining
Rac activity front would expire. In the model, however, membrane tension is down-
regulated by RhoA: Increasing tension promotes RhoA activation. Since Rac is thought
to inhibit RhoA, active RhoA is predominantly generated at the rear of the model cell.
The emerging contractile force due to increased RhoA activity leads to a retraction of
the rear, which lowers membrane tension. Consequently, membrane tension in a po-
larized cell is increased by a pushing force and constrained by a retracting force. The

increased tension suppresses Rac activation globally. In the lamellipodium, where the

90
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Rac concentration is already high, however, autocatalysis of Rac counteracts tension me-
diated Rac inhibition and prevents the activity front from expiration. Thus, the model
combines two essential suggestions, the confinement of Rac signals to the leading edge
[11] and the maintenance of cell protrusion due to F-actin-myosin-balancing generation

in tension [53].

6.2 Model features and limitations

The polarization process of neutrophils exhibits certain qualitative features, see Section
1.2.1. A significant mathematical model for neutrophil polarization should reproduce
these features. In Section 4.6 we assessed the simulation results displayed in Section 4.3
with respect to biological data.

We demonstrated that in our model membrane tension confines active Rac patterns to
the leading edge, which has been observed in neutrophils [11]. We come to the conclusion
that the proposed model exhibits a number of biologically essential properties of cellular

polarization:

e The model cell responds to various stimuli, graded and localized, by spatially

amplifying the stimulus, and attaining a polarized state.
e The polarization is maintained even after the signal is removed.

e The model cell remains sensitive to new incoming stimuli, and reverses its polarity

in response to a new sufficiently chosen stimulus at the back of the cell.

e The model cell has the ability to resolve conflicting fronts by forming a single front

of activity.

The model produces macroscopic data which are compared to experimental findings, see
Section 4.3. The model cell develops an approximately constant shape within the first
150s after the stimulation. Biologically, we interpret this time span as the required time
for the cell to fully polarize, i.e. to develop a lamellipodium which enables the cell to
move across the substrate due to a persistently generated Rac front. In this sense, in vitro
experiments suggest, that upon stimulation with fMLP polymorphonuclear leukocytes
fully polarize within 2 to 3 minutes [110], which matches the required time in the model.
With respect to a fully polarized cell, our model generates an average migration speed
of the cell of about 0.19um/s. The in vitro measured migration speed of neutrophils
is of the order 107'-10%um /s [39]. The migration speed can be fitted more precisely
by varying the magnitude of the active force term F,., (see Figure 4.7). There is
evidence that the migration velocity crucially depends on the compound of the substrate
[119]. Thus, a more realistic fitting would also include a specific calibration of the
adhesion parameter £. Unfortunately, broad experimental data for this parameter is

not yet accessible. The default state of a resting neutrophil adhering to a flat surface
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is approximately spherical. In response to Rac activation triggered by graded external
signals, a broad flat front, i.e. the lamellipodium, and a tapered posterior is generated
[120]. Our model exhibits this behavior. We conclude:

e The model cell develops a front of increased Rac activity which is directed to the
stimulus. Initiated movement of the model cell approaches a constant migration

speed.
e The model cell develops a "V"-shape with a broad front and a tapered rear.

e The model cell adopts a dumbell-like shape if two spatially opposite stimuli are

applied.

e The model cell approaches a spherical resting state if active Rac is erased.

From a mathematical point of view, we explained in Chapter 5 how the propagation
of a wave-like solution of a reaction-diffusion system on a moving domain is pinned
through the coupling with an integral operator. We used a matched asymptotic analysis
approach for a related model that is spatially one-dimensional and explained how under
certain assumptions a travelling wave-front like solution for the zeroth-order terms of a
suitable expansion of the system is achieved and how the wave-pattern is finally stalled.
It should be stressed that the presented explanation does not provide a rigorous proof
for the existence of pinned waves. However, the explanation provides at least an insight

of the generation of pinned wave-patterns and gives necessary conditions.

The model possesses certain limitations, some originate in the mathematical modelling,
some are exposed by the simulation results.

In Section 3.7 we highlighted the model assumptions that we regard as crucial. While
we consider the thin layer approximation and the simplistic submodel of actin-binding
dynamics as relatively unproblematic, the assumption that inactive Rho can be treated
as a constant and the oversimplified description of the AMC are shortages of the model.
In particular, the assumption that AMC mechanics can be described by a purely viscous
material with a constant viscosity 7 may be not adequate. Since the active process
of actin filamentation affects AMC mechanics, we expect that 1 also depends on the
actin concentration. However, the rheology of actin gels is highly complex and not well
understood yet, such that reliable assumptions on 7 cannot be provided. A model of
the AMC described by a viscoelastic material would be more biologically reasonable.
Moreover, a viscoelastic description might exhibit different polarization characteristics.
In a viscoelastic medium the global mechanical response to local perturbations is quasi
instantaneous compared to the global response of viscous media. This property may
equip the mechanochemical polarisation processes with a higher sensitiveness to local
signals that only occur for short times.

Further limitations are obtained by the simulations. In Section 4.3 we concluded that

the model does not exhibit sensitiveness to noise. We did not intend the model to exhibit
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this feature and we do not consider the lack of this feature as critical, since multiple
redundant pathways for the achievement of cell polarization have been identified and it
is not yet clear which one accounts to noise sensitiveness [34].

A graver limitation is that the model is very likely not capable of fusing neighboring
wavefronts into one single front. We conjecture that this dues the patterning mech-
anism, since it requires a sufficiently slow diffusion of active Rac to work. Thus, an
increased diffusion coefficient for Rac is not well suited to fuse the wave-front. A bi-
ologically reasonable modification that potentially endows the model with the ability
to fuse neighboring fronts aims at the explicit inclusion of inactive Rac. Inactive Rac
might diffuse faster than active Rac [97]. While active Rac is locally pinned, inactive
Rac might be free to diffuse on a medium range and become activated at the periphery
of the pinned wave patterns. This might locally smoothen the patterns and induce a
fusion of closely neighboring wavefronts.

Finally, a limitation is that the cell requires for a stable polarization a stimulus which
spatially decreases superlinearly. However, it is conceivable that external linear chemical
gradients are processed in a nonlinear way, such that the input signal for Rac activation
is superlinearly decreasing. On a multicellular level, e.g., it has been shown that cells
can amplify shallow gradients by transforming them into steep local gradients [112]. We

conjecture that this also may occur on a singular cell level.

6.3 Contributions of the model

The major contribution of the model is the proposal of a mechanochemical mechanism
that gives an account how active Rac patterns may remain confined to the cell front
due to the generation of membrane tension. There is a growing demand for models
accounting to mechanochemical patterning in general [22, 41] and for models accounting
to GTPase-tension interactions in cell polarization in particular [11]. Purely mechanical
[14, 15, 121, 122] as well as purely chemical mechanisms [7] have been proposed to give
an account for cell polarization. The diversity of these models exhibit a wide range
of abilities to generate patterns which have been qualitatively characterized over the
last decades. Mechanochemical patterning with respect to cell polarization, however,
represents a new, not yet well understood class [22, 41].

We provided a reaction-diffusion based wave-propagation processes, whose propagation
is pinned due to a mechanical response. The disclosure of the necessary qualitative
properties for the reaction terms and the AMC mechanics may be of importance for
future studies. In each modelling step, the necessary conditions for the patterning
mechanism are highlighted. We summarized the conditions in Chapter 5. Consequently,
the mechanism is not restricted to particular choices of the functions we suggested in
this thesis, but rather consists of basic units whose modelling requires certain qualitative
characteristics. Thus, our approach may provide a suitable framework for more complex

and more biologically relevant models aiming at mechanochemical cell polarization.
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6.4 Model design and model comparison

The mechanical unit in our model adopts ideas from [14, 37] by introducing competition
between polymerization and protrusion at different sites in the cell via membrane tension,
and the treatment of the ACM as an active viscous gel, respectively. Actin gels are
commonly endowed with a with a polarity field [85]. Our very simple version of the
polarity field segregates the cell into regions of protrusive and contractile forces. Since
active Rac orchestrates the segregation, regions of propelling fronts and increased Rac
activity geometrically coincide. In response to a single stimulus the model cell generates
a cone-like morphology where active Rac is predominantly located at the front while
active RhoA is located in the tapered back.

The biochemical unit of the model is related to the patterning mechanism presented by
Mori et al. [8]. Therein, a reaction-diffusion system is described in which a triggered
travelling wave of slow diffusing active Rho is locally pinned by a fast diffusing inactive
Rho. Experimental investigations on neutrophils, however, have shown that the required
diffusion coefficient is unrealistically high [11]. Unlike Mori’s and other generic models
for cell polarization containing Rho GTPase related chemical signalling which require
fast diffusing quantities to serve as a long-range signal conductor [1-3, 24-28, 118], the
presented model transmits long-range signals mechanically via changes in membrane
tension. Therefore, our proposed model avoids the issue to rely on unrealistically high

diffusion coeflicients.

6.5 Outlook

The model suggests a number of experimental tests that could be used to check its va-
lidity. For example, the model predicts that multiple fronts of polarity can be resolved
by the expiration of all fronts except for one. In the model the maintained front is deter-
mined by the actual choice of the stimulus: The front created in response to the longest
stimulus dominates. Currently, it is not known if a neutrophil decides in accordance to
this prediction.

Another example refers to the model prediction by which changes in membrane tension
affect the activation rate of Rho. In reality, Rho activation is not mediated via a simple
reaction scheme as used in the model, but by a whole process in which Rho GDP is
dephosphorylated to Rho GTP via GEF. The Hill terms in the on-rates of the reaction
functions f12 model the autocatalysis which may be mediated by GEF. Hence, we hy-
pothesize that membrane tension suppresses GEF mediated activation.

The presented minimal model provides the necessary features for more complex and
more biologically relevant models. We propose a mechanism that explains how changes
in membrane tension qualitatively affect Rho GTPase activity in order to generate po-

larity pattern, but does not give an account which molecular links translate mechanical
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into chemical signals. However, there are several aspirants that may provide a mecha-
nism capable of translating plasma membrane tension into chemical signals. A possible
mechanism of tension sensation in neutrophils relying on the properties of the actin nu-
cleation machinery has been suggested by [11]: Actin is a down- as well as an upstream
effector for SCAR/WAVE. The complex stimulates actin assembly, and, on the other
hand, the presence of F-actin is required to remove the complex from the membrane.
It has been shown that this characteristic results in multiple propagating waves of the
SCAR/WAVE complex, that appear to organize actin filamentation at the leading edge.
Furthermore, it has been shown that the waves extinguish if mechanical barriers pre-
vent them from propagation [123]. Houk et al. [11] hypothesize that increased membrane
tension could similarly extinguish waves by antagonizing propagation. Moreover, in neu-
trophils is SCAR/WAVE is also feeds back on Rac activation. Since our model is bases
on a wave-process, an adaption of the model including SCAR/WAVE dynamics seems to
be well suited and could give a model based prediction about possible mechanosensitive
linkages containing Rho GTPases, SCAR/WAVE, and cell mechanics.

The model considers the AMC as a viscous material. From a more realistic point of
view, the AMC can be characterized as a viscoelastic active material [103]. While the
purely viscous behavior of the AMC affects the generation of membrane tension with a
delay, an elastic response at short time scales would influence membrane tension instan-
taneous. An adaption of the model with respect to a viscoelastic could improve some

model features like the required time to repolarize in response to new incoming stimuli.
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Proof of Theorem 3.1

A.1 A priori estimates

We require suitable energy estimates that state the uniformly boundedness of u. with
respect to € > 0. The boundedness will be required later to apply certain compactness

properties.
Lemma A.l. Let u. be a solution of (3.5)-(3.6). Then constants M > 0, C > 0,
independent of € > 0, exist such that for 0 < ¢ < M the following estimates hold:

[Ortie || oo (1,22 (00 )y + ||tie|| oo (1,11 (0 mmY) < C, (A1)

1 1 .
—= X Ovtie || oo (1,2 (021 mm)) + —= X Uell Lo (1,22(02 gmy) £ € (1= 1,2),
Ve Ve

(A.2)
1 €1+l ‘
%”Xﬂgvx’ueHLOO(I,LQ(QQ,R’")) + %HXQ@V?JUS“Lw(I,LQ(Qg,R"L)) <0, (i=1,2),
(A.3)
Moreover, the growth conditions on f; imply the pointwise bounds
0 <u. <Cexp(—mT) fora.e. (t,x)el xQ. (A.4)

96
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Proof. We test (3.5) with (u? U, jE,UJQE) and obtain

/ 8tu]€ujsdx + DO/O Vu?EVu?de

{ / Otujg J6dzn+ o D’Vm/uzavx/uéédw—l—slwl D Vyu Vyu dx}

_/ (u ’U,JEdJI—FZ{ / £ (u )uégd:ﬁ}

i=1,2

g/ (1+\u0|)ujgda:—|— Z { /(1+|u§|)u§5dx}
2 Tio &

£

for a.e. t € I. The inequality holds since z — f(z) is Lipschitz-continuous. Therefore,

there exists a constant C > 0 such that
1F(2)] <COA+]z]) VzeR™

Adding up the estimates for j = 1,...,m and subsequently integration with respect to
t € I yields
042 012
Sl llz2(00) + VUl 2 (o))

+Z{Hu W + 11V fuaHLzmm+6”””Vy“?”%%wm@>} (A.5)
1=1,2

1 )
<O [ (14 12O aosny) do+ € 3 = [ (14 00 gy paory) da
1=1,2

for a.e. t € I, where we used that ||D?||Loo(92), ||D§-HLoo(Qé), HE;HLOO(Qé) >c(i=1,2).
Gronwall’s inequality implies that for a suitable M > 0 and € < M the time dependent

functions on the right hand side can be estimated by

112
0202 ~ 10y + = 3 (i lr sy — 1020y} < €
i=1,2

From condition (3.7) we can deduce

Hu0||Loo (1,L2(Q0)) T = . Z ||uz-:||L°° (1,L2()) = C.
i=1,2

Application of this estimate in the right-hand side of (A.5) yields

1421 L |12
IVa2l[72(r 200y + = Z IVaruilZogr rogiyy +€ 7 D IVyutl e r2aiy) < C-
=12 i=1,2
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Now, in the same way as in the proof of Lemma 3.1 in [124], we obtain

1 7
18|20 1,12 (520) + - Y 0l T 1 r20y) + VU2l F oo 1,22 (020

i=1,2
1 4 . ,
+= Y IVl rogaey T D0 IVyuel oo (r p2giy < C
i=1,2 i=1,2
as well as the pointwise bounds (A.4). O

A.2 Auxiliaries

In this section we will present the required tools that enable us to consider the limit
case of system (3.1)—(3.6).

From a more general point of view, we are interested in the behavior of the solution u.
if the thickness of the layers approaches zero. This will be done by the investigation of
the asymptotic behavior of the sequence u. for € — 0. In this case the domains Qé and

02 approach to interface ¥ and the bulk domain 20 approaches
Q:=(0,1)""tx (0,H).

In order to introduce a suitable notion of convergence, we investigate the behavior of u.
with respect to a reference domain on which test-functions will be defined. This is the

roughly idea behind the concept of two-scale convergence.

A.3 Two-scale convergence

For different € > 0 the respective solutions u. are defined on different domains. Thus, we
cannot apply classical compactness arguments that are required to obtain the existence
of the limit case lim. 5o Ue.

The concept of convergence in the two-scale sense allows lower dimensional approxima-
tion and provides suitable compactness theorems to consider the limit case.

Let G. := %' x (0,¢) for a bounded, convex Lipschitz-domain ¥’ C R"~!. To investigate
the equations in the limit G. — 3 := ¥/ x {0}, we introduce the reference layer ¥’ x Z,
where Z := (0, 1).

Definition A.2 (Weak two-scale convergence). A sequence (ue).~0y With elements u. €
L*(I,L?(G.)) converges weakly in the two-scale sense to ug(t,2’,y) € L*(I, L*(¥' x Z))
if

1
limf// us(t, z)p (t,x’, y) dx dt:// /uo(t,x',y)go(t,a:’,y) dy dz’ dt
e=0¢e JrJa. € 1JsrJz

for every test function ¢ € C'(I x ¥/ x Z)
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Definition A.3 (Strong two-scale convergence). A sequence (uc){.~oy With elements
ue € L2(I, L?(G.)) which converges weakly in the two-scale sense to ug € L?(I, L?(X' x

Z)) is said to converge strongly in the two-scale sense if

Y flue 221, 22(60)) = [0l 2,27 x 2))-

A simple consequence is formulated in the following

Remark A.4. If up does not depend on y € Z, it can be verified easily that the weakly
convergent sequence u. — u’(t,2’) in the two-scale sense converges strongly in the two-

scale sense if and only if

!
lim ﬁnue —woll£2(r,02(c.)) = 0.

The compactness properties of sequences in the two-scale sense are achieved by cer-
tain boundedness criteria. For weakly convergent sequences in the two-scale sense the

following holds:

Proposition A.5. Let u. be a sequence in L*(I x G.), such that

1
\ﬁ”uauLQ(IXGE) <C,

with a constant C' > 0, independent of €. Then there exists a subsequence, again denoted
by ue, and a limit function u® € L*(I,L*(X x Z)) such that

ue — u® weakly in the two-scale sense.
Proof. The proof is a time-dependent version of the proof of Theorem 1 in [125]. O

A simple, but yet remarkable observation is that the weak two-scale convergence of u.
and V,u, induce the weak two-scale convergence of eV u.. This is directly obtained

through the application of the divergence theorem, which will be shown now.
Lemma A.6. Let u. be a sequence in L*(I, H'(G.)) and C a constant independent of
€, such that
1 1
%HUEHLQ(IXGE) + %Hvz/UsHB(IxGE) <C.

Then there exists a function ug € L?(I, L*(X x Z)) and a subsequence, again denoted
by ue, such that

us — uo(t,x’,y) weakly in the two-scale sense,
Ve — Vpug(t, o', y) weakly in the two-scale sense,

eVyus = Vyuo(t, o', y) weakly in the two-scale sense.
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Proof. Let u. € L?(I x H'(G.)) satisfy the estimate. Proposition A.4 allows us to

extract a subsequence, again denoted by u., such that
ue — ug and Vu. — Vyug weakly in the two-scale sense.

We show now that eVyu;(t,2’,y) weakly converges to Vyug(t,2’,y) in the two-scale

sense. The divergence theorem implies

n 1 n
// uedivy @ (w’, x) dz,, dr’ dt + = // uedivyp (x', x) dz,, dx’ dt
1Ja. € elJrla. €
1 Tn / 1 Tn /
= —/ V pt Ue Pyt <x , > dx, dx' dt —/ Vyuepy (x , ) dxy dz’ dt,
1Ja. € 1JaG. €

for test functions ¢ € C§°(I x ¥/ x Z)", where we used the notation div, ¢ := div (¢,),

(A.6)

divyp := div (py) for ¢ = (@, py). This is equivalent to

1 n 1 n
e— // Uedivyr @ <:n', x) dzx,, dz’ dt + = // uedivyp (m', :):) dx,, dz’ dt
eJrJa. € e Jila. €

1 1
= —57/ \YITRE (1:/, xn) dx,, dx’ dt — = // eVylUepy (ﬂf/, gj”) dx,, dz’ dt.
e Jrla. € e Jrla. €

Since u., Vyu. weakly converge in the two-scale sense, the first term on the left hand
side and the first term on the right hand side vanish for ¢ — 0. Thus, we obtain for
e—0

1 n
—— // eVyucpy (x’, x) dx,, dz’ dt — // / ug divyp dydz'dt (A.7)
e JrJa. € 1JsJz

which is equivalent to eV ui(t, 2, y) = Vyuo(t,2’,y) in the two-scale sense. O

The limit system presented in Theorem 3.1 has no transmission conditions and the
equations are formulated independently of the reference layer. A necessary condition
therefore is that the weak two-scale limit of u. is constant in y € Z. In this case Lemma

A.6 is equivalent to

Corollary A.7. Let u. be a sequence in L*(I, H'(G.)) and vy € L*(I, H' (X' x Z))
constant with respect to y € Z, such that

ue = ug(t,x'), Vpus — Vaup(t,o'),

converge weakly in the two-scale sense, respectively.
Then

eVyus — 0 converges weakly in the two-scale sense.

Proof. The assertion follows directly from equation (A.7) and the application of the

divergence theorem with respect to the variable y on the right hand side. O
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In order to obtain convergency of the right hand sides of (3.1) to the right hand sides of
(3.9)—(3.11), strong convergence in the two-scale sense is required. In general, it is not
trivial to establish the strong convergence of sequences in the two-scale sense for trans-
mission problems since suitable extensions are required to apply classical compactness
theorems. Fortunately, the case covered in Corollary A.7 endows the sequence with a
"natural" scaling function such that we can map the sequence into the reference space
L3(I,HY\(X' x Z)) easily.

Proposition A.8. Letu. € L?(I, H'(G.)) be a sequence, such that Oyu. € L*(I, L*(G.)),
and let ug € L*(I, HY(X' x Z)) be constant with respect to y € Z, such that

us = up(t, '), e = duo(t,z'), Vyue = Vyue(t,z'), eVyue —0
converge weakly in the two-scale sense, respectively. Then converges
Ug —7 UQ (ta l‘/)

strongly in the two-scale sense.

Proof. We define the scaled function
U (t, 2’ y) == ue (t,2',ey) for (t,2',y) € I x ¥ x Z.

Then

1 / / e (¢, 2)|*dedt = / / / @ (¢, 2!, ) [2dyda dt. (A.8)
g JI < I1JYJZ

Moreover, it can be seen easily that ., V., and 0yt are elements of L?(I, L?(X' x Z)
which weakly converge to ug, Viup, and dyug, respectively. The Lemma of Aubin-Lions

implies that the embedding
LI, LA (Y x Z)) = {u e L*(I, H' (Y x 2)) : Opu € L*(I, L*(¥' x Z))}
is compact. Thus, there exists a subsequence, again denoted by ., such that
Te — ug in L*(I, L*(X' x 2))

for e = 0. From A.8 we can deduce

1

lim %HUSHLQ(IXGC) = lim [TellL2(rxsrx 2y = ol L2(1x 5% 2)

O]

Finally, for the proof of Theorem 3.1 we need control of the traces on dG.. The required

statement gives the following lemma.
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Lemma A.9. Let the conditions of Lemma A.6 hold. For all testfunctions ¢ € C*°(I x

) converge

// svyug(t,x',e)go(t,:v’)dx’dt—>//Vyuo(t,:v',O)go(t,:r’)d:v’dt,
1J5/x{e} 1Jx

// 5Vyu5(t,m’,O)gp(t,m’)dm’dt—>//Vyuo(t,:c’,O)go(t,x’)dm’dt,
1J5x{0} 1Js

fore — 0.

Proof. This is a special case of Proposition 5 in [125] since eV u. converges weakly in

the two-scale sense to V,uq. ]

Remark A.10. The definition of G, is equivalent to Q2 if ¥’ = (0,1)"~!. To investigate

two-scale convergence for functions defined on !, we replace G. by
G =Y x (g,2¢).

It is easy to see that all results still remain valid if for this particular G. two-scale

convergence is defined as in Definition A.2.

A.4 Proof of the main theorem

We proof Theorem 3.1. The proof is split in multiple parts. At first we present several
preliminary results which will be used in the main part of the proof. Then we consider
the convergence of system defined in the bulk. In the third part the convergence of the
system defined in the layers is considered. Thereafter we will show that in the limit-case
the transmission conditions reduce to homogenous Neumann-conditions. The existence
of solutions for the limit-system is well known. In the last step the uniqueness of the

solutions of the limit system is proofed.
Proposition A.11 (Convergence in the bulk region). There exists a subsequence u. of
weak solutions of (8.1)~(8.4) and a limit function ug € L?>(I, H'(Q,R™)), with Osug €
L2(I,L?(2,R™)), such that

1) wje — ug strongly in L*(I, L*(Q));

2) Vuj. — Vug weakly in L*(I,L*(Q));

3) Opuje — Opug weakly in L*(I, L*(12)).

Proof. Considering the energy estimates given in Section A.1 the proof is almost identical
to the proof of Proposition 2.1 in [124]. O
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Proposition A.12 (Weak convergence of the fluxes). Let ¢ € C*°(I x ¥’ x H) and
set °(t,x) = ¢ (t 1 H- 2‘5y + 25) There exists a subsequence us of weak solutions of
(8.1)-(3.4), such that

/I/Sl Vyugsgoadx'dt%/I/EVyugocpda:'dt

forallp e C®(I x¥ x H).

Proof. A similar assertion is proofed in [124], Section 5.2. An adaptation of the proof
ist left to the reader. O

Proposition A.13 (Weak two-scale convergence in the layers). There exists a subse-
quence u. of weak solutions of (3.1)-(3.4), and a limit function uéo € L2(I,H (Y x 7)),
with 8tu§0 € L*(I, LAY x 7)) (i=1,2), such that

ué-g — ué-o(t,a?’), Vm/u — Vm/ujo, eVy u -V ujo,

(A.9)

8tu — 8tujo,

converge weakly in the two-scale sense, respectively.

Proof. We directly obtain the statements of the first two rows from Lemma A.1, Propo-
sition A.4, and Lemma A.6. We also obtain from Lemma A.1 and Proposition A.4 that
atué»e converges weakly in the two-scale sense to a function U; (t,2',y). Thus, we obtain

by partial integration with respect to t

//// Hz-(t,xl,y)cp dydl‘/dt_;l_l%g // 8tu]€g0( )
_h—%s{/ 81‘ Tn)P ( )dm+// ujaatg0<t3: )dajdt}

for all test functions p € C*°(I x ¥’ x Z). From (3.7) and Lemma A.6 we deduce that
U ;E (2',1,) converges weakly in the two-scale sense to an element of L(I, L?(X' x Z)).

For a suitable subsequence of u., we obtain ﬂé(t, z',y) = Owujo(t, o', y). O

Convergence of the system in the bulk region

Proof. Consider test functions ¢ € C§°(I x Q,R™) with supp(¢) C I x /3. For fixed
o satisfying
dist{X, supp(p)} > 2¢¢

holds fo every € < gg
supp(p) N (Ql U (22) =.
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Let € < gg. Testing (3.5) with ¢ as defined above yields
// oul_p dx dt + // DIV Vo dx dt
oo ¢ oo 7 f

0 0 _ (1,0
+Dj /I/agg/z Opujep dS dt = /[/Qg fi(ug)p dx dt.

Due to Proposition A.11 and Proposition A.12, we can proceed as in [124], Section 6.1,

and obtain a subsequence, such that for ¢ — 0
/ / Ol dx dt + / / DYVuly Ve da dt
1Jao 1Jao

= [ | by da a,
0 0 _
/I /a o D00 48 =0

and

u?(O,x) = U]QO(:U), for a.e. x € Q.

Thus, (3.9), (3.12), and (3.15) hold. O

Convergence of the system in the layers Here we derive the set of the equations
on the limit-layer ¥’. The main idea is to show the convergency to a limit-system in
which the derivatives in the y-direction vanish. The obtained system does not depend
explicitly on y € Z anymore. Under assumption (3.7) for the initial conditions will be
shown that the whole solution is indeed independent of ¥ € Z. Then, we can apply the

compactness properties presented in Section A.2.

Proof. 1) We start with the weak formulation (3.5) and consider the test functions
€ ) 2y
(Pj(t7x):90j t,l’,?—l y (Al())

where @; € C°(I x X' x Z). Let I'l := Q1/(S! U S2). Testing of (3.5) with ¢5(t,z)
yields

1 1
E/f ” Oyuj 5 (t, x)dx dt + 2/1/91 DV pui Ve 5(t, )

_ 2 1
o D}vyu;avygoj <t, o2 - 1) do dt + - / / D0, ul_ 5 (t,x)dS dt

)2y
1 _ 1+2l /
/ o f (p] (t, z)dxdt //Slus2 D! Vyuja v (t 2, - )d:): dt

(A.11)

where we used the identity V., ¢° = %Vygaj (t,m’, 2?;/ — ) Since | > 1/2, we obtain

from Proposition A.13 and the imposed homogenous Neumann-conditions of u} on T'!
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that in the limit for € — 0 the left hand side is

/I // /Z atujl'o (tv $/7 y)gpj (t7 x,a y) + Djlvx’u;()(t? xla y)vx’ Pj (ta .’L'/, y)dydl',dt

Lemma A.9 states that the trace term on the right hand side tends to zero for ¢ — 0:

L2l 1 , r 2y ,
/I/SQUSE? c Djvyujf R (t,x o T 1) dz'dt
2 —1 1 ' , 2y ,
=¢ /I/S_}US? D;eVyuj. - v (t,x S 1) dx'dt — 0.

Since fjl is Lipschitz-continous and ||u}|| 21,22/ x z)) < C'\/g, the estimate

”fjl(ué)||L2(I,L2(E’><Z)) < Co(e + HU;HLQ(I,LQ(E’XZ))) < Cyve
holds. Thus, we can deduce from Proposition that fjl (ul) converges weakly in the two-
scale sense to an element fl € L?(I, L*(Y' x Z)). Consequentely we obtain from (A.11)

fore — 0

// /8tu}0(t’x/’y)(pj(t’$,73/)+Dﬂlvx/uglo(t7$,ay)vx/SOj(t,x/,y)dyd:p’dt
I rJz
= [ [ | theitt.a' p)dyds'd.
1JYxJZ

Since we tested with functions that do not vanish on the boundary of I x ¥/ x Z, we

(A.12)

obtain in particular weak homogenous Neumann conditions for ujo on I x X' x Z.
2) We show now that u(t,z’,y) = u(t,z’) for a.e. (t,2',y) € I x X’ x Z and that the
initial conditions (3.13) hold.

The initial conditions are obtained by testing (3.5) with test functions

o (12, 2) =t (.22 1),

where ¢ € C§°(¥' x Z) and £ € C°°(I) such that {(T') = 0. Passing ¢ — 0 yields for the

time derivative

/I/,/Zatu;of(t) ) dydxdt = / / («,y) dydwdt
_/I/,/Zuj03t§(t)<ﬂ (z',y) dydxdt,

which is equivalent the initial conditions (3.13) if fj, = f}(ug) (which will be shown in

the next steps). If ¢ is constant with respect to 2’ € ¥, we obtain

/// — Fhoe(W)E() + ubgdré(t)p(y) dydudt = — / / y) dydz
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Moreover, we can deduce from estimate (3.7) and Theorem 1 in [125] that U jlo is constant
iny € Z. Thus

(/ dy> //,/ fJOSO +U]()atf() (y) dydzdt = /

The right hand side does not depend on y € Z. Therefore the left hand side does not
depend on y € Z, which implies

8tu}0(t7 :L‘/, y) + fjlo(ta .%’/, y) = atujl'O(tv xl) + fjlo(ta l‘/) for a.e. (ta l‘/, y) € (I X E/ x Z)
From (A.12) we can deduce now that

(tm y)—u o(t,2') forae. (t,2',y) € (I x X' x Z).

3) We show that ]-10 = fl(uo) Part 2) of the proof implies that ujo(t x'), 8tu]1-0(t,x’)
and Vx/ujl-o(t, x') are almost everywhere independent of y € Z. According to Proposition

A.8 there exists a subsequence, again denoted by ul(t,2’,y), such that
ul(t,2’,y) — up(t,2’) strongly in the two-scale sense.
Since fjl(‘) is Lipschitz-continuous, follows from Proposition 3 in [125] for £ — 0
fjl(u; (t,2',y)) — fjl (ud(t,2')) weakly in the two-scale sense.
4) Part 2) and 3) of this proof imply that a solution of
/ 8tu}0(t,x/)g0j(t,a:')da;’dt
I (A.13)
+/ D Va /u o(t, 2" )Vt 2')da'dt = / f (ug(t, x"))p;(t, 2" )dx'dt.
Z/

is a solution of (A.12).
Thus (3.10), (3.13), and (3.16) hold in the weak sense.
5) If we replace ¢5(t, ) in (A.10) by

Y
@;(t,flf) = ()0] (tvxla 5)

and repeat the arguments from the first part of the proof, we obtain

// /8tu?0(t,x’)<pj(t,x/,y)dydazldt

1Js )z

+// /D?Vm/u?()(t,x')Vx/goj(t,x’,y)dyda:’dt:// /ff(u?o)cpj(t,x',y)dydaz’dt.
1)y Jz 1JsJz

Thus, (3.11) and (3.17) hold in the weak sense. The initial conditions (3.14) are obtained
similarly as in part 5) of this proof. O
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Convergence of the transmission conditions Here we derive the the limit of the

transmission conditions for the macroscopic model.

Proof. Let ¢ € C°°(I x ¥’ x H). Testing (3.5) with ¢°(t,x) = ¢ (t,x, H525y+2€>
yields

0w ,,0 0 1
/Sl D3V yu; o ds’ = 6/31 D;eVyuj o°da’.

Integration over t € I and sending ¢ — 0 yields, considering Lemma A.9, that the right
hand side vanishes. On the other hand states Proposition A.12 that

/I . D?Vyugscpsdx’dt — /ED?Vyugogoda:’dt
converges for ¢ — 0. Thus

/ / DIV yufo®da’dt = 0,
1J%

which is the weak formulation of (3.16). O

Uniqueness of the limit-solution The uniqueness of solutions for solutions of (3.1)—
(3.4) is a well known fact. Nevertheless, we will present the proof for the sake of com-

pletion.

Proof. Let u and @ be solutions of the limit-system given in Theorem 3.1 with the same
initial data. If we subtract the weak formulations of both solution from another and

test the result with ; := u; — u;, we obtain for j =1,...,m

S @ O 721 120y + VB 0127 120y < /Q(fjo(uo) — f}(@°))a}da,
ld, =i i i (i) ,
5@“%@)”%2(1@2(2)) + CHvuj(t)H%Q(I,LQ(Z)) < /E(fj(u ) — fj@))asdz, i=1,2,

where we used the condition HD?HLOO(Q(E)), ||D§-HL00(Q§) > c. Adding up the equations
with respect to the indices j and usage of the Lipschitz-continuity of the right-hand sides
yields for a.e. t €

d . . -
%H'L’Jo(t)u%Q(I,LQ(Q)) < CHUO(t)H%%Lm(Q))a

d, i ,
Al Ol z20) < CIE Ol 2@y, i= 12

Application of Grénwall’s inequality on the inequalities yields @ (¢, ) = u"(t, z) for a.e.
(t,x) € I x Q and w'(t,z) = u'(t, ) for a.e. (t,x) € [ x X' (i =1,2). O
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Active Gel Theory

We briefly describe a basic version of the active gel theory for actin-networks. In com-
mon, there are two strategies to model the characteristics of the actomyosin complex of
a cell, the build from the bottom approach and the phenomenological approach.

The build from the bottom approach takes the molecular composition of the cytoskele-
ton under consideration and pieces their functional units in a way that the end result
fits the qualitative behavior of the actomyosin complex on the macroscopic level. This
model approach has the big advantage, that it ensures clarity about the interplay of
the functional units observed in the experiment. However, on a scale of a typical cell
size, this approach is computationally too expensive to realize. Furthermore, if, as in
this thesis, rather a description of the qualitative behavior of the whole actin-myosin
cytoskeleton, than a deeper knowledge of its functional units is required, a build from
the bottom approach would distract from the essentials due to its complexity.

Another approach to model cytoskeletal dynamics is phenomenologically and bases
on the observation, that the actin-myosin cytoskeleton behaves fluid-like on longer
timescales and on a macroscopic level. This observation dates back to the late sev-
enties when micrograph experiments became more elaborated and has been more and
more refined over the years [54, 126]: While unbounded G-actin monomers merely have
the characteristic of a sol, a cross-linked network of actin filaments forms a viscoelastic
gel with a mesh size of a few tens of nanometre. At short time-scales, the mechanical
response after a perturbation of the gel is elastic with a shear modulus E in the range
of 103 — 10° Pa [88]. On longer timescales, the actin gel flows with a finite viscosity
n of the order 100 Pa s [89]. After an elastic response, the gel starts to flow after a
timespan [0,t*]. t* is called relaxation time. From a polymer physics point of view the
actin network does have a similar rheology as liquid crystals over long time scales. This
observation inspired theoretical scientists to interpret actomyosin as a physical gel, for
which a proper equilibrium temperature can be defined and well-established theoretical
methods exist.

The rheologic model which is commonly used to describe the mechanical properties of
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the actomyosin network is the Mazwell model. To a linear order this model consist of
a combination of a Hooke element, describing the elastic part as a linear spring, and a
Newton element, describing the viscous part as a linear damper. In the Maxwell model
Hooke and Newton elements are connected in series. Due to the damper the deforma-
tion is unlimited and irreversible. If the strain rate changes, the purely viscous behavior
is overlain with a immediate elastic response due to the Hooke element. The elastic
response prevails the viscous response as long as the material needs to counterbalance
the spring force by the viscous force. In the Maxwell model the relaxation time thus is

given by Et* = n, and the series connection implies the stress-stain relation

5P oPas
e= o8 4 of (B.1)

L 7
where oy denotes the stress tensor due to the passive mechanics of the gel and the

strain-rate tensor ¢ is in the terms of the local velocity-field v, given by
.1
&= 5(8041)5 + 831)a),

where we used Einstein’s notation, which will be used unmentioned from now on.

In addition to constitutive equation (B.1), the law of momentum conservation in also
important. However, since in viscoelastic gels on scales of micrometers inertial forces are
negligible, momentum conservation is commonly replaced by a force balance condition.
Let Uf;g be the total stress tensor (i.e. the sum of all stresses to be considered). Then

force-balance is given by

dalo8s — Mdag) + F5* =0, (B.2)

where F§* is an external force, and IT is the pressure [85].

Equations (B.1), (B.2) need to be exerted to describe the mechanics of the F-actin net-
work properly, since the network is also endowed with a polarity, due to its averaged
directional alignment. Thus, in addition to the material- and the force-balance equa-
tion, a polarity field has to be defined. This is typically done in analogy to studies of
the directional alignment of liquid crystals [103]. On average, F-actin networks align
parallel to each actin filament and the (+)- and (—)-ends are pointing in the same di-
rection, respectively. This naturally induces the existence of a polarity field p = (pa)a,
consisting of unit vectors, which locally run parallel to the F-actin alignment. This has
the following impact on the stress tensor: A fully parallel polarized F-actin network is
stiff in the sense, that if the orientation on the molecules is changed due to an external
perturbation the polarization field becomes nonhomogeneous and torque arises, which
causes the molecules to remigrate to the parallel position. This torque is associated

with an orientational field h = (hy ), proportional to the second spatial derivative of the



Appendix B. Active Gel Theory 110

polarity field p, which yields
h = KV?p,

where K denotes the Franck constant [103]. Taking the polarity under consideration,
the total stress tensor comprises a stress ag%l due to torque generation, which reads in

the linear hydrodynamic theory as
0221 = vahg. (B.3)

and has to be added to oy in the force-balance equation (B.2) [85].

The system (B.1)-(B.3) is suitable to describe the mechanics of a passive network consist-
ing only of F-actin. However, the treatment of F-actin networks as a passive and purely
viscoelastic material holds only in the abscence of myosin IT and ATP. In a more recent
and prominent in vitro experiment performed in the group of Schmidt [127], Myosin II
is added to a permanently crosslinked probe of actin filaments and in order to measure
the rheology of this complex a so-called micro-rheology approach, where the motion of
beads interspersed in the the gel is studied, is done. In the absence of ATP, the beads
remain, apart from minimal fluctuations, at their original position, since the myosin
motors are inactive. As in physical gels, the actomyosin complex behaves as a classical
thermal equilibrium system. The scenario changes, when ATP is added to the probe.
Due to the activation of the treadmilling process and myosin motor activity through
hydrolysis, the beads are moved across the gel. In this case, the gel is permanent out of
equilibrium, thus a proper equilibrium-temperature cannot be defined and methods from
physical or chemical gel theory are not applicable, since an active force is continuously
generated. In fact, the actomyosin gel can be characterized as an active gel, where the
actively generated stress is fuelled by ATP consumption, leading the statement and the
total stress hast to be composed of an internal active and a passive part. Taking the
polarity induced from equation (B.3) also under consideration, the total stress is given
by

tot __ _pas pol act
Taf =08 T 0ag T 0ag3-

The actively generated force related to the stress tensor 03%“ then must depend on the

chemical potential difference Ap of ATP and its hydrolysis products ADP and inorganic
phosphate Pi:

A = ADP — [LADP — HPi-

If Ap = 0, the chemical reaction is at equilibrium and no energy is produced and in the

case where Ap > 0, the free energy Ap is consumed per hydrolyzed ATP molecule. To
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linear order the active internal stress has the form

oaG = (Aupg, (B.4)
where the stress is exerted along the field pg, because myosin motors slide along F-actin.
The activity coefficient ¢ is a material property of the cytoskeleton that describes both,
the activity of myosin II motors and ATP consumption in the tread- milling process. In
general, ( is a phenomenological parameter, which has to be estimated from experiments
[128], [129].
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Methods

C.1 Numerical implementation

The code used for the simulations is implemented in MATLAB v.8.6 (R2015b). In parts,

three preexistent codes were modified and included:

1) The convection of the domain €, is computed by a code of Sumengen [130] which

bases on a level set method as described in [131].

2) The triangulation of the domain was computed at each time step with aid of a
pre-implemented Delaunay algorithm provided by MATLAB [132].

3) The solution of the boundary operator for the mechanical system, including cur-
vature force, is obtained by the finite-element technique presented provided by the
MATLAB PDE toolbox.

All other components of the code contributed to the author.
To avoid technical, but yet simple extensions for our modelled system case, we illustrate

how the code processes the reduced toy model

O — div(Vu —wv) = fu(t,z,7,u) on Q(t) (C.1)
(Av+ V(V-v)) —v = fy(u,Vu) on Q(t). (C.2)

It can be seen easily that the operator Av + V(V - v) is apart from a positive constant
equivalent to the original operator Av + V= (rotv). The advantage of this representation
is that the ellipticity of the operator —Av — V(V - v) can be verified more easily. The
right hand side f(¢,z, 7, u) is a smooth scalar-valued function, for which we assume that

it models the actin and Rho kinetics and the stimulus. The function

folu, Vu) := VII(u) + FaCt(u)
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is supposed to mimic the active force and the pressure term. More precisely II denotes
term (3.50) where a, ag are replaced by u, ug. For the convergence of the spatial iteration
process described in the following, we require continuous and uniformly bounded right
hand sides. Therefore we replace F* as defined in (3.41), where a are replaced by u,

by a mollified version. We introduce the mollifier

1 .
‘ cexp <— 12> ) if |z| < 1,
jzx) = 1=

0, else.

The constant ¢ > 0 is chosen such that ||j||.: = 1. We consider

F*(u) == CP 1 fuzup, P * J(u),

where 'x’ denotes the convolution operator, and uy, is a constant that is an element of

the image of u.

The polarity field p, F'2°" are chosen as in the original model, but spatially mollified by

a convolution with suitable Dirac delta functions. The boundary conditions are
(DyVu+uv)-n=0 onI(t)

and the boundary conditions for v are given by (3.51), where we set a = a9 = 1 to keep
the description simple. The initial conditions are ug, {9, where ug is a homogenous
steady state of (C.1) at time ¢ = 0, and €y is a circle with radius R > 0.

In the following, we sketch how the code works. We will point out the important steps
and skip some details by referring to literature. The presentation of the code will mostly

informally and, for the sake of universality, not code specific.

C.1.1 Preliminaries

In order to increase the accuracy of the numerical computation, a priori estimates are
required. More precisely, we require Lipschitz continuity on the right hand sides of
(C.1) and (C.2). To enforce Lipschitz continuity, we replace the right hand sides of
the original system by specific cutoff function: For a function f : R™ — R™ we define
the cutoff function (f(z))§ of f with upper bound a € R™ and lower bound 3 € R™

component wise by
a; i fi(x) > i,
(fix)F =4 filz) if B < fi(z) <y, i=1,...,m.
Bi if 8; < fi(x),

The advantage of replacing the original non-linearities by cut versions is that the induced

uniformly boundedness implies Lipschitz continuity, since the original non-linearities are



Appendix C. Numerical methods 114

smooth. We choose constants a,, By, L > 0 such that the right-hand sides f,, (w = u,v)
in (C.1), (C.2) satisfy

‘(fW(ta$7y))g - (fw(t,l', Z))%|m é L|y - Z|n Vy,z € Rna L= ]-7 ey T,

where | - |, m denotes the 1-norm in R™™ and m,n = 1,2, depending on the considered
function.

To assure that the cutoffs coincide with the original functions, test simulations were
performed, in which the bounds «,,, 8, were fitted such that the components w = u, v

of the solution satisfy

(fw(ta €Ly w(t’ fﬁ)))g;” = fw(ta €L, w(tv ."L‘))

To keep the notation simple, we will write in the following f,, instead of ( fw)g:;’, and

keep in mind that the considered a priori estimates always refer to the cutoff functions.

C.1.2 Evolution of the level set

In the level set method, the boundary of the cell is described by the zero level contour of
a signed distance function ¢. In this setting is ; C R? represented by the set of points
x € R? for which ¢(t,x) is non-positive. The boundary 9Q; corresponds to the set of
points satisfying ¢(t, ) = 0.

We explain briefly how the evolution of the level set function progresses. For a discussion
of the details, we refer to [131], Chapter 6.

The level set function ¢(¢, x) satisfies

¢(t7$) =

—d, ifzeqQ,
+d, ifx e R2/Qt,

where d represents the Euclidian distance between x and the boundary 9€);. This char-

acteristic is realized by the evolution of the initial conditions

—d, ifzeQ,
¢(0,z) =
+d, if x € R%/Qy,

under the transport equation
dp+v-Vo=0 onlxR? (C.3)

where v = v(t, z) represents the velocity field at each time step, governed by the active-

gel-equation (C.2).
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C.1.3 Numerical implementation

For the numerical computation of the evolution of ¢ we used an algorithm which bases on
the Stencil local Lax-Friedrichs method (SLLF) (cf. [131], section 6.4) and was originally
published by [130].

In the algorithm is R? in (C.3) replaced by a rectangular grid G x G, where

G:={zeR:z=nr, neN}

for a fixed » > 0. Equation (C.3) is completed by periodic boundary conditions and
discretized on G x G. The domain €, is approximated by the subset of points z € G x G

on which the function ¢(¢, z) is negative.

The initial domain, defined by the level-set, is successively convected in time and space
by the application of the SLLF-method on equation (C.3). In particular, equation (C.3)
is solved in time by an implicit Euler method. Starting at time ¢t = 0 SLLF generates
successively (not necessarily equidistant) time iteration steps dt1, dta, ..., and the cor-
responding timespan ¢t = 0, t; = dty, ts = t1 + dta,... . After each iteration the level set
function ¢ is spatially convected. In the SLLF-method provided by [130] the convection
at time ¢, has to be determined by the velocity field v(t,,x). Since the field v(¢,, z)
is a priori unknown, we modified the preexisting code by taking v(¢,—1,z) instead of
V(tn, x).

If there is no likelihood of confusion, we denote by 9§, = {¢(tn,z) =0: 2z € G x G}
the boundary of the discretized domain at time ¢,,, obtained by the level-set method.
The interior of the domain at time ¢, is Q;, = {¢(tn,z) <0:2 € G x G}.

We briefly sketch the framework of the complete code and comment on it afterwards
more in detail: Let T > 0 be an upper bound for the simulated time and let 0 < ¢, < T
be a time date attained by the Euler method.

The evolution of the level set and the subsequent time ¢, + dt, starting at to = 0, and
the computations of the equations in the bulk are determined by a while-loop. Thereby

the code processes the following scheme:
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While ¢, <T
1) allocation of 9§, = {¢(tn,z) =0:2 € G x G};
2) main body of the code:

2.1) implementation of a triangular mesh on € ;
2.2) spatial solution of the equations (C.1), (C.2) on € at time t,;

2.3) extrapolation of the velocity field v(t,,x) defined on Q;, to v(ty,x) de-
fined on the whole grid G x G|

3) computation of the time step dt by the SLLF-method;

4) iteration step size control; the algorithm checks if dt < b, where b > 0 is a

bound defined later; otherwise a new step size
dt <b

is chosen;

5) computation of the boundary 09, 14 by the level set method, where the
solution ¢(t,,+dt, x) is determined by (C.3) with the velocity field v = (¢, x);

6) reinitialisation of ¢ as a signed distance function;
7) time-step transferation ¢,y := t, + dt;

end.

The iteration steps 1), 3), 5) and 6) are executed by the level set method provided by
[130].

Item 2.1) is devoted to the mesh implementation. The implementation is described in
Section C.1.4. Item 2.2) consists of an algorithm, in which both, the kinetic and the
mechanical equations are discretized in time and then solved numerically due to a semi-
linear approach. This approach consists of a compound of two schemes. First an explicit
Euler method is applied to discretize the PDE system in time and subsequently a finite
elements method is applied for the spatial discretization. The discretization scheme is
presented in Section C.1.5.

The approach may produce unstable solutions that oscillate and grow unconstrained if
dt is chosen too large. In order to avoid this effect, the code constrains the step size in 4)
the bound b, which prevents the numerical solution of (C.1) and (C.2) from oscillating.
The construction of b is presented in Section C.1.5.

In step 5) dt is used to compute the evolution of the level set. In the temporal iteration
of this scheme the values of the level set function tend to smear off and ¢ may loose the
characteristic to be a signed distance function. To avoid this, the code reinitializes ¢ in

step 6) as a signed distance function. This is done as described in [133]. Subsequently
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Ficure C.1: Illustration of the triangulation after thinning. The left plane shows the
original grid. The right panel shows the thinned out grid for the case p = (—1,0). Used
parameters: G = {1,2,...,40}, 0 = {xr € G x G : ||z — (20,20)||2 < 17}, n =T.

the code passes the new gained time ¢,,4+1 and continues the procession starting again at

step 1). The code continues to execute until ¢,, exceeds the predefined bound T

C.1.4 Mesh generation

This section refers to item 2.1). The numerical treatment of the equations requires the
generation of a mesh approximating the points contained in 2;.

The common approach is to take at each time ¢ the predefined points of the grid (z,y) €
G x G, that satisfy ¢(t,z,y) < 0 and to construct an equidistant triangularization
between these points. However, the issue of this approach is that the mesh size of the
resulting mesh accords one-to-one with the size of the grid G x G. In our particular
case are the concentration fluctuations of the chemical ingredients at the front highly
dynamic, which requires a high mesh resolution at the front. On the other hand the
concentrations at the back of the cell remain almost constant. An equidistant mesh
induced by G x G has to be fine gained to capture the dynamics at the front. This is
numerically very costly, since both, the computation of the evolution of the level set
requires all points defined in G x GG and the spatial discretisation of the PDE contained
in 2, takes even triangles in consideration on which values hardly differ.

In order to speed up the calculations, the code generates an inhomogeneous, adaptive

mesh at any considered time ¢ > 0. At ¢ = 0 an initial mesh is generated as follows:

1) Find all points p € G x G, such that ¢(0,p) < 0, and set Qp = {p};

2) generate a Delaunay triangularization and obtain the triangles {¢r(p)} with respect

to these points;

3) find all edges of {tr(p)} whose start- and endpoints coincidence with 9€y and label
them as boundary edges {e(p)}.
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With respect to the the initial mesh {p,¢r,e} the equations (C.1), (C.2) are solved
numerically as described in the next section.

For times t > 0 the mesh is generated such that it is densely grained at the front an
coarse grained at the back. This is realized in two steps. If t > 0, the mesh representing
the domain € is created at first again as in item 1), i.e. it is defined as the set of
all points p such that ¢(t,p) < 0. Subsequently the domain is segregated in a front
and a back. To differ between front and back, we introduce a measure p for the mean
orientation of the cell:

1
p(t) : Vu dx.

‘_m Q

The code determines (a discrete approximation of) the line
g={m+sR:seR},

where m is the centre of mass of ); and R is a vector satisfying R L p(t_) and where ¢_
denotes the former time step of t. The front Qf and the back QF are then defined by

A ={zeQ:z=sp+y, yeg, s>0},
QP ={zeQ:z2=sp+y, yecg, s<O0}.

In the second step is 2 thinned with respect to a predefined coarseness n € N. All
points aj; € G x G can be relabelled by the index i = |G|(k — 1) + j. With respect to
this index the code removes p € QF from QF iff p = ajy, satisfies

mod (i,n) = 0.
After this step Qf and QF are merged by redefining Q; as
Q= uap,

and a Delaunay triangulation for the set of points that are contained in §2; is generated.
This provides the triangles {¢r(p)} and the boundary edges {e(p)}. An example of the

thinned mesh is shown in Figure C.1.

Remark C.1. The thinning of QF can only be applied if the cell is stimulized by a
single, locally confined stimulus since only in this case a single wave front is generated.
For simulations of the repolarization behavior and the response to multiple stimuli the

regular mesh, constructed as in the items 1)-3), has to be used.

C.1.5 Numerical solution of the PDE system on (); for a fixed time ¢

This section refers to item 2.2) in the main body of the code in which the equations

(C.1), (C.2) are solved at time ¢ numerically. This is realized in three subsequent steps:
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1) the equations are discretized in time,
2) the equations are discretized in space,

3) the discretized equations are solved.

1) Forward Euler method method is applied in order to discretize the equations (C.1),
(C.2) in time. Let ¢t_ a time yield by the algorithm as described in the while loop and
let dt be the corresponding time step. We consider the scheme at time ¢t = ¢_ + dt. The

time derivative is approximated by

1
Opu ~ $(u(t) —u(to)).

The temporal approximation of (C.1), (C.2) then is

dt(—Au(t, x) + div(u(t, z)v(t,x)) + u(t, z) = dt f,(t, z, u(t, z)) + u(t_, x),

(C4)
(Av(t,z) + V(V -v(t,x))) —v(t,x) = fo(u(t,z), Vu(t, x)).

2) The difficulty in (C.4) is that at time ¢ both, the velocity v(¢,z) in the divergence
part of the first equation and the values of the reaction rate f,, (¢, z, u(t, x)) are unknown.
In order to apply FE-methods for linear elliptic equations, the code recursively approx-

imates (C.4) by the following scheme:
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Set
fut,z,u) = fu(t,z,u(t,r)) — L fult,z,u(t,x)) dz
|Qt’ Qy
1 (C.5)
u(t_,x):=u(t_,x) — — [ u(t_,z) dx
’Qt| Q
and seek approximated solutions of the system
(=B, 2) 4 vt 2o (2) (s 2) = AT o) + T2,

(Aot 2) + V(Y - 0(t,2)) — o(t,2) = fu(ult,x), Vult,z),
on §2; with zero-flux boundary conditions with respect to u,, and

(Vo+ (Vo)) -1 = (B fucug,) Ko (u- — uo)n + 7" (km — ro)n

A (/Ft | ds) n+ (T(u_) — To)n,

on Ft.
Let ui(x) = u(t, ), vi(z) = v(t,x). Recall that ¢, t_, dt, u(t_,z), v(t_,z) are known

from the former temporal iteration step. Initially, the active gel equation
(Avi(z) + V(V - v1(x))) —vi(z) = fulu(t—,z), Vu(t_, z)) (C.7)

is numerically solved for vg such that the boundary condition above are satisfied. Then

the diffusion reaction equation
dt(—Aup(x) + div(uy (z)vr(2))) +ui(z) = dtf,(t, z,u(t—, x)) + u(t—, x) (C.8)

is solved numerically for u;. The code iterates n-times the following rule:

Let wun—1, vy,—1 be the solutions obtained from the (n — 1)-th iteration step.

Solve
(Avn(2) + V(V - 0n(2))) = vn(@) = folun—1, Vup—1) (C.9)
on §; and

(Von + (Vo)) -1 = =CBTfu_, <ugy K5 (1 — o)+ 37 (s — Kig)n

A </Ft 1 ds) n~+ (I(up—1) — Ip)n, (G.10)

on I';. Then solve

dt(—Auy (z) + div(ug (2)vn (1)) + up(z) = dtf,(t, 2, up—1(x)) +u(t_, ) on
(C.11)

and

(Vuy, — upvp)n =0

on I';.
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If we neglect the boundary-force impact on v, i.e. if we replace equation (C.10 ) by
Vg N = Uz, =0 on O,

the following statement holds under certain assumptions on the domain €2;:

Theorem C.2. Let ; C R? be an open, bounded, Lipschitz-domain that is dense in
R2. Assume that v, converges weakly to v € L?(, R?) for n — oco.

There is a constant b > 0 such that the iteration scheme defines sequences
(un)nen C L2()  and  (Vug)nen C L* (4, R?),

such that the L?-limit u(z) := lim, oo un () and the weak limit Vu, where Vu, — Vu
in L?(Q,R?), is a solution of (C.6) if the time iteration step satisfies dt < b.

Proof. The proof is presented in Appendix C.2. O

The upper bound b depends on ¢, €2, the parameters of the PDE system, and the
cutting bounds «, 8. The derivation of b can be obtained if the occurring constants in
Appendix C.2 are calculated explicitly. We skip the explicit representation of b, since
its calculation is long-winded, but yet straight forward. The only constant which does
not directly follow from the used estimates in Appendix C.2 is the required Poincare

constant C,. Fortunately Friedrich’s inequality states that
Cp < d’

where d is the diameter of € (cf. [134]).

Remark C.3. If higher regularity results are applied, it can be shown for a sufficiently
small b that Vu,, — Vu in L?(€;). In this case, the assumption on the weakly conver-
gence of v, can be omitted since this implies v, — v in L%*(€;) due to the Lipschitz-
continuity of the right hand sides. However, the determination of the bound b such that
the convergency of Vu, is guaranteed is very complex. We had to choose an open cover
of the domain §2; on which localized energy estimates for a difference scheme had to be
obtained (cf. [135], theorem 6.3.1). This is computationally very costly, because the
domain changes after each temporal iteration step. Therefore we decided to validate
experimentally wether dt is chosen small enough to prevent |[vy[|z2(q, g2y from unrealis-
tically oscillations. Fortunately this is the case if b is chosen as demanded in the proof
of Theorem C.2. For this choice of b the sequences u,, and v,, seem to converge to a limit
even if the force boundary-conditions (C.10) on v, are considered:

In the simulations we chose the iteration length n = 10. This choice yields regular
results, which hardly differ from the results obtained if n > 10 is chosen. Figure C.2
displays a convergence plot. The error |[@, () —Tn—1(z)|| L~ (q,) decreases almost linearly

and the error [[0, () — Un-1(2)| Lo (q, r?) is almost constant, approaching zero.
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FiGURE C.2: Left panel: A posteriori error of the Rho concentration profile for the
cell model after ¢t = 30s and dt = 0.001 with parameters taken from Table 4.1. The
x-axis denotes the iteration steps (n = 1, ...,50). The y-axis denotes the error ||, (z) —
Un—1()| Lo (40)- Right panel: A posteriori error of the velocity profile. The x-axis is the
same as in the left panel. The y-axis represents the error |[Ty, () — Tn—1(2) oo (Q40,R2) -

In addition, a bound for the temporal stepsize with respect to the mesh is required. We
did not perform a stability analysis for the numerical scheme. For the control of the
temporal stepsize we simply took the bound dt < ch?, where ¢ = D, /4 and h is the
diameter of the smallest triangle of the triangularization. The choice of this bound is

numerically very costly. However, the code seems to remain stable with this setting.

3) We discuss the spatial discretization of the system. For the finite elements scheme,
we approximate uy,(t,z) and v, (t,x) by a finite Fourier series. More precisely, we seek
approximated solutions which are spatially constant on each triangle ¢ € {tr}. The

approximated solution @, (resp. v,) of u, (resp. v,) has the form

Un(t,x) = D ul(t)d)y(2),

qe{tr}

Ta(t,z) = ) vi(t)dle(x),

qe{tr}

where ¢|q € {w :  — Rlw), € Pi(g), continuous in edge points}, Pi(q) is polynomial of
order 1, defined on ¢, is the node basis function of the triangle q. Moreover, the righthand

side dtf,(t, z,Un—1)+u(t_, x) of (C.27) is also approximated by a finite Fourier sequence:

Fal@)= D7 dt(fi(t) + ul(t-))g)q(x).

qeftr}

(C.12)

The right hand side of (C.9) is also approximated by a finite Fourier series, similar
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to (C.12). We denote each Fourier coefficient by Ff = (FY,, Fj,) and approximate
Fo(t,x) := — fy(un-1(t,x), Vi,—1(t, z)) by

Fo(z) = ) Fl(t)¢)q(2)-

qe{tr}

The task is to determine the coefficients ul(t), vi(t), such that the weak formulations
of equations (C.6)-(C.10) are satisfied for any test function w € {w : & — Rlw), €
P1(g), continuous in edge points}. The FE-scheme provided by the MATLAB PDE tool-
box was used to determine the coefficients.

4) u(t,z) and v(t,z) for x € Q; are computed successively done at each time ¢t > 0

obtained from the level set scheme.

C.1.6 Transmission of the variables to G x G

v(t, ) is defined on ©; C (G x G). The level set method, however, requires for a velocity
field that is defined on whole mesh G x G. To avoid irregularities in the evolution of
(C.3), the code extrapolates (resp. interpolates) v|{; to v|G x G by the nearest-neighbour
method:

If z € G x G is a point outside of the boundary 0§, the closest point y € 9€; to x is
computed and v(t,z) := v(t,y) is set. If x € (G x G)\§; is a point in the inner of 9,
then v(t, x) is defined as the mean value of the three nearest points contained in ;.
After the expansion of v(t,x) on G x G, the evolution of (C.3) is computed by the
SLLF-method, which yields a new temporal iteration step dt; and a new time date
ty :=t+dty (cf. section C.1.2). The zero-level set of p(t4,x) represents the boundary
of the domain ), . Subsequently a new mesh on §;, as described in section C.1.4 is
generated by the code.

Finally the whole area of €};, and consequently the membrane tension 7 is computed.

The code now proceeds as explained in the former paragraphs.
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C.2 L?-Convergence of the iteration scheme.

Throughout this Appendix we write for convenience () := ;. Moreover, we denote by
| - || both the L?-norm || - [ 22(0), as well as the L?-norm || - I 22(0,R2)-

Under the assumption that v, weakly converges to v, we show that (up)nen, (Un)nen
as defined by the recursion rule (C.7)-(C.11) are sequences in L2(€);), L?(€, R?), re-
spectively, whose limits are a fixed point of equation (C.6) if the time iteration step
size dt > 0 is sufficiently small. Throughout this appendix we assume that f,, f, are
smooth and bounded. Since a smooth, bounded function is Lipschitz continuous, there

is a constant L > 0 such that for all 1,99, 21,22 € R

|fu(> '73/1) - fu(a '7y2)| SL‘yl - y2’7
|fv(', '»yl,zl) - fv('a ',y2722)| <L (|y1 - y2| + |Zl - 22|)-

Moreover, it is easily verified that [u — f,(,-,u)] as defined in (C.5) maps elements of
L?(2) Lipschitz-continuously onto L?(2). Thus, a constant L > 0 exists, such that for
all Uy, U2 € Lz(Q)

1FuCsmun) = Fuly )| SLfJun — uall.

In the following the originally defined function f, is not used. In order to keep the
notation as simple as possible, we drop the line from f, and simply write f,. For the

same reason we will write u(f_, z) instead of w(t_, x).

C.2.1 A priori estimates

Lemma C.4. There is a constant ¢ > 0 independent of u, such that for every u €
WL2(Q) a solution v € W22(Q,R?) of

Av+V(V-v)—v=f,(u, Vu) (C.13)
with zero-flux boundary conditions satisfies
Iollwaz e < (C.14)
Proof. With aid of the Lax-Milgram lemma can be shown easily, that the mapping
[V —Av — V(V-v) +0] € LHZ(Q,R?), L>(Q,R?), 6§€]0,1)

is an isomorphism. Moreover is f,(u, Vu) € L?(Q, R?), which implies v € H3(Q,R?) =
W22(Q,R?), and

collvllwz2(or2) < | fo(u, Vu)||
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for an appropriate constant ¢y > 0. Since f, (-, V-) is bounded, we obtain

collvllwz2@r2) < a1

for an appropriate constant c; > 0. 0

Due to standard arguments provided by LP-regularity theory and the embedding W?22(€2) —
C(Q) we obtain

Corollary C.5. Let v be a solution of (C.13). It holds v € W?2(Q2,R?) and it exists a

constant ¢ > 0 independent of u such that

HU||C(§,R2) <ec.

Identical to the proof of Lemma C.4 can be shown
Corollary C.6. Let g,h € WH2(Q). Let v € W22(Q) be a solution of
Av+V(V-v) —v = fu(g,Vg) = fo(h, Vh).
on Q with zero-flux boundary conditions. Then a constant ¢ > 0 exists such that
[ollw2z2r2) < cllfulg, Vo) = fo(h, VR (C.15)
Lemma C.7. Let v € CY(Q,R?) and g € L?(Y). The equation
dt(—Au+div(uv)) +u =g (C.16)

on Q with zero-fluz boundary conditions satisfies has a unique solution u € W22(Q).

Moreover it exists a constant ¢ > 0, such that
1 2
(1 ~ dt (G olcogne ) lull 2oy < llglzzco)- (€.17)

Proof. Since the right hand side is an element of L>°(2), follows the assertion about the
existence and uniquness directly from the theory of elliptic PDE (cf. e.g. [138]).

For convenience, we set || - ||c := || - HC@). In order to verify (C.17), we take the weak
formulation of the considered PDE and test it with u. Since we have zero-flux boundary

conditions, this yields the estimate
dt|[ V| + ul < llg|l[full +dtHch/Q [uVu| dx (C.18)
Application of Young’s inequality for p = ¢ = 2 and ¢ = ||v| 61 leads to

1
dtllv\lc/Q [uVul du < dt|[Vul|* + dt-[[o]]¢ ull*.
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Thus, from (C.18) follows the estimate
1
Jull < gl + de ol l?
1
& (1= deglol) 1l < gl ul.

This proves (C.17). O

Lemma C.8. Let conditions as formulated in lemma C.7 with g := dtf,(t,x,u) +u

hold. The mean value of a solution u of (C.16) is zero:

1
Q

Proof. Take the weak solution of (C.16) and test it with the constant test function ¢ = 1.
This yields

1 1
— [ udr = —/ dtfy(t,z,u) + @ dx.
Recall, that dtf,(t,z,u) 4+ u is constructed such that
/ dtfy(t,z,w) +u dx =0
Q

holds. O

C.2.2 Proof of convergence

Proof. (1) Let (un,vy) be solutions obtained by (C.7)-(C.11) after the n-th iteration
step, and let (u,v) be a solution of (C.4). Subtracting the weak formulation of (C.11)

substituted with u,,v, from the weak formulation of (C.4) yields if we set wy, := u —uy,

dt/ anV¢dx+dt/ vnuanzS—vquZ)d:L'—l—/ wyQdr
@ @ @ (C.19)

=ﬁ4mﬂmm—nma%ﬂwm

for all $ € H*(Q). Testing the weak equation with the test function w,, := u—u,, implies

the estimate

dt||Vwn||* + [lwn |* <dt|| fult, 2, w) — fult, 2, un-1)||][wn

+ dt/ |vnun Vwy, — vuVw, | de
Q
The Lipschitz-continuity of f, and the iteration rule imply

1fu(t, 2, 0) = fult, 2, un—1) [lwall < Llfwp-afllwnl,
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and the second summand of the right hand side can be estimated by standard inequalities

as follows

/ [vuNVwy, — vpuy Vw, | de < / |(v — vp)u + vpwy||Vwy| d
0 0 (C.21)

< Jullllo = vall oy I Vwall + loll o lwa 1Vl

From corollary C.5 follows |lv,|| O (@)’ HUHCO@) < ¢ for a suitable constant ¢; > 0.
Consequently, we obtain from Lemma C.7 and the boundedness of f, and u(t_,z) that

for appropriate constants co, c3 > 0 holds

C2

—dt

<
ol < -

We choose dt < 1/2c3. Then we have ||u|| < c4, where ¢4 := 2¢2/c3. From C(2) —
Wh2(Q), estimate (C.15), and the Lipschitz-continouty of f, follows the existence of a
constant cs > 0, such that

[v = vnllco) < esllfolu, Vi) = folun—1, Vup1)|| < es L ([[wn-al + [[Vwn-1]) -

Observe, that in the second estimate the iteration rule was used. Application of these
estimates in (C.20) yields

dt{|Vewn|* + [lwn|* < dt cL(|[wn[[[wn-1] + [lwn-1][[[Vewn])

(C.22)
+dt cL||Vw|l[| Vwn—1| + dt|jwnll[[ V||

for an appropriate constant ¢ > 0.
(2) We apply Young’s inequality on each summand of the right hand side which contains

the term ||w,||. Thus, we obtain

cL dt 1
o e e i
dt 1
JonllVeall <G IVl + 5

Application of these inequalities on the right hand side of (C.22) leads to the estimate
(cL)?
2

dt 9
+ L[Vl Vep-1]l + 5 [V

IV, | < dt 1] + cL|wn—1[[[Vewn|

We choose dt < 1. Thus we can write
IVwn|* < dt (cL)?||wn1[]* + 2¢L (|[wn—1 || Vwn|| + | Vwn ||| Vwn 1)) -

On the right hand side of this inequality appears ||Vw,|| exclusively with a power of

first oder. It is now easy to verify, that there exists a constant ¢ > 0 (independent of dt,
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since we already chose dt < 1), such that
Vwn|| < ellwn-]l + [Vwn-1l]).

Thanks to Lemma C.8 we know, that the mean value of w,_1 is zero. We obtain by
application of Poincare’s inequality ||wp—1|| < Cp||Vwp—1|, where C, is the Poincare

constant. Thus, there exists a constant ¢; > 0, such that

Vwn| < e[ Vwn—i]]. (C.23)

(3) We apply Young’s inequality on each summand on the right hand side of (C.22)
which contains the term ||Vw,||. This yields

3cL 1
N [ e P L T
3cL 1
IVl w2l <28 Nl + oo [V
3 1
lwn IVl <% el + S Vwall?,
and from (C.22) we obtain in a similar way as in (2) the estimate

lwnll® < dt c(llwnllllwn—1ll + lwnrl* + [ Vewn-1]* + [[wnl|)

for a constant ¢ > 0 (independent of dt). Subtraction of dt||w,||? from both sides and

subsequent application of Young’s inequality in the term |lwy,||||w,—1| gives us
lwall? < dt ca(llwn-1]l* + [ Vwn-1]*) (C.24)

for a suitable constant ¢y > 0.
(4) By induction we obtain from (C.23) and (C.24)

lwnl® < (dt )" (fwoll® + [|Vewo )

for a suitable constant ¢ > 0. If we choose dt < 1/¢, follows ||w,| — 0 if n — oo.
Therefore u,, — u converges in L?().

Form the weak formulation (C.19) we can deduce that for n — oo
Vwy, 4+ u(v, —v) = 0 weakly in L*(€).
Since we assumed that v, converges weakly to v € L?(2,R?) for n — oo, follows

Vau, —Vu — 0 weakly in L*(9).
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Remark C.9. The subtraction of the mean value of f, — u(t_,z) is essential for the
convergence of the iteration scheme. If we performed the iteration as described above

without subtracting the mean value, we would obtain the convergence estimate

V(= un)lzz@) < e (1= wlza@) + V@ = un1)lrz@) . (C25)

This estimate is sharp and from it follows that the scheme does not converge for any
dt. However, if the iteration is performed with the subtraction of the mean value of
fu —u(t—,x), we yield the same estimate (C.25), but we also can estimate with aid of

Poincare’s inequality

It = )l z2(02) < €ll Ve = 1) 22002,

which implies for a suitable constant ¢ > 0
IV(u —un)ll2) < ellV(u—un—1)l20,)-

This estimate is suitable to enforce the convergence of the scheme. See appendix C.2

for detalils.

2.2) Let now n be the final iteration step. The code computes

1

g:= |Q|/th fult,z,up—1) +u(t_,z) dx (C.26)

and solves

dt(—Auy, + div(ugvn (t, @) + uy = dtf, (t, 2, U, 1) +0(t_,x) + g

(C.27)
(Av, + V(V - vp) —v(t,x) = fu(up—1, Vup—1),

numerically for u,, v,. (Recall that dt f, +u(t_,x) = dt f, +u(t_,x) + g.) These

solutions were taken as approximated solutions of system (C.4).
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Existence of the one-dimensional

system for short times

We heuristically argued that the one-dimensional system (5.5)—(5.8) is has the ability
of generating patterns. This gives rise to the question whether the system possesses a
solution at all. Due to its description as a moving boundary problem, it is not evident
that the system is well defined. In this appendix we will show that at least for sufficient
short times a solution for a comparable system exists.

A proof of the original system of the 2-dimensional setting is in preparation.

We assume that at short times, the impact of 7 on the system is negligible. Moreover, we
neglect the RhoA dynamics characterized by the variable w. We consider the normalized
PDE-system

Ou — Au+ V(uv) = f(u) on Q(t),

(D.1)
—Av+v=g(u) on Q(t),

with zero-flux boundary conditions and given initial value ug for u in (D.1). The as-
sumptions for the initial conditions and the right-hand sides will be declared in the next
section. As before, the moving domain €, is convected by the velocity field V' along the

normal direction of the boundary:
V=v ondQ = {x|2'(t,z0) = v(t,x0), 70 € N}, (D.2)
where
Qo :=(0,1) (D.3)

is the initial domain of the 1D problem.
We act on the following assumptions: Let f,g: R — R be Lipschitz-continuous, and let

ug be sufficiently smooth.

130



Appendix D. FExistence 131

We will show that on suitable Banach spaces equation (D.1) possesses a solution at
sufficiently short times ¢. This is mathematically precisely formulated in Theorem D.21,

which is the main result of this appendix.

D.0.1 Outline of the poof

The proof can be broadly separated in three steps: reformulation, reduction, and proving
existence. In the first step, we will reformulate the original moving boundary system
on a fixed reference frame by the introduction of a boundary location function ¢. The
reformulation is constructed in section D.0.3 and leads to a parabolic-elliptic system
that is coupled to a "displacement” ODE. In the next step this system will be reduced
to a degenerated parabolic system by solving the elliptic part of the system a priory in
dependency of the unknown variables. This is done in section D.0.4. The last step is
presented in section D.0.5, where the short time existence for the reduced system on
suitable Banach-spaces is proven.

In the proof we consult techniques and results from the theory of analytic semigroups
as presented in [139] and [140]. The disadvantage of this approach is that it does not
deliver a numerical scheme which theoretically corroborates the convergence assumption
of the implemented scheme, used in numerical simulation in Chapter 4. The advantage,
however, is that analytic semigroup theory provides a very abstract tool for the treatment
of evolution equations, which presents a prospect of a possible generalization of the

presented proof to a 2-dimensional spatial setting.

D.0.2 Preliminaries

Definition D.1 (Spaces of continuous functions and generalized Sobolev spaces). Let

XY be real Banach spaces and o € Ry. We denote by
CX,Y) (resp. BUC*(X,Y))

the space of [a]-fold differentiable functions (resp. the space of [a]-fold differentiable
uniformly bounded functions) from X to Y, whose [a]-th derivative is Holder continuous
with Holder exponent « — [a]. For the sake of a simple notation, we will, unless stated

otherwise, write
[ull := [Jullgycex,v):

The space of all locally Lipschitz continuous functions from X to Y is denoted by

' (X,Y).
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Let © ¢ RY be smoothly bounded. We denote by

WS = WS(Q), 1<p<oo

either the usual Sobolev space, if s € N, or the Slobodeckij space, if s € Ry\N. In the
particular case s € R4 \N consists the Slobodeckij space of functions u € Wp[s} such that

s—|s . ‘8C¥u(x> — &lu(y)’p
R /stz |z — y|(—[sDp+N dv dy < oo, o =[s].

The Slobodeckij-space, endowed with the norm

1/p
[ullw; = (||u||€vzgé] + Z [8au]§f—[s})p>

|ar|=[s]

is a Banach space. Let K = R, C. We denote by F the Fourier transform on &'(RV,K),

the Schwarz space of tempered K-valued distributions. Lastly, we put
lull = 111 = )% 2ull,,

where (1 —A)%/2 := F~1(1+£2)%/2F. Then the Bessel potential spaces, H;(RN, K), are
defined as

H;(RN,C) = ({u e S'(RY,K) | HUHH; < ool |- ”HS)’ 1<p<oo, seR.

We denote by D and by D’ the space of K-valued test functions and distributions on €,
respectively, and by
rq € L(S'(RY,K), D)

the ’restriction operator’, given by
(rou, p) == (u,¢), ueSRY K)gpeD.
Then the Bessel potential spaces over 2 are defined by restriction, i.e.
HS = H3(Q,K) = rHj(RY,K).
Definition D.2 (Multiplier-spaces of uniformly elliptic Operators). In the following
Au = =0, (adru + fu) + v, u + du,
denotes an uniformly elliptic operator with boundary operator
Bu = T(adyu + pu) + €Tu,

where T denotes the trace operator. The pair (A, B) is called a linear, uniformly elliptic
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boundary-value operator. The set of all these operators is denoted by & = £(2). We
topologize the set of these boundary-value problems by identifying them with subsets of

the Banach spaces
3
E® = [BUCY(Q)]" x Lao(2) x C°(99), resp.
by means of the identification
(A, B) ¢ (o, ,7,6,¢€)

and set
% .= ENE".

It can be shown that £Y C EY is open; see [139], Chapter 4.1, Remark 8.6.

Definition D.3 (Analytic semigroup). Let F and F' be Banach spaces over K such that
E — F. We write

A:dom(A)C E— F

if A is a linear operator with domain dom(A) in E and im(A) in F. We denote D(A)
by the domain of A endowed with its graph norm. Then D(A) — E, A € L(D(A), F),
and D(A) is a Banach space iff A is closed; see [139], Section 3.

Let Ey, F1 be Banach spaces with F; <— Ey. We denote by

H(El, Eo)

the set of all A € L(FE1, Ep), such that A, considered as a linear operator in Fy with
domain F7, is the negative infinitesimal generator of an analytic semigroup {e*tA 1t >0}
on Ey, that is in L£(Ep)

We refer to [140], for the general theory of analytic semigroups and assume that the

reader has a working knowledge of that theory.

Definition D.4 (Boundary problem spaces). Suppose (A, B) € E and S, € {W,}, H; :
1 <p < oo}. We define

- {fue Sy : B=0}, if1+1/p<s<2,
if0<s<1+1/p.

Moreover, we define the set of singular positive values by

¥y ={1+1/p}.
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Definition D.5 (Interpolation spaces). Let X < Y be real Banach spaces such that
X is dense in Y with respect to the norm of Y. We denote by

[X7 Y]g, 0<b<l1
the complex interpolation space, and by
(X>Y)0,q, 0<b<1, 1<g<

the real interpolation space of the couple (X,Y).

We refer to [141] for the general theory of interpolation spaces and only list the particular

properties of interpolation spaces that are required for the proof:

Lemma D.6 ([139], Theorem 7.2). Suppose that 1 < p < oo and
—2+1/p<sp<si<1l+1/p.
Moreover, suppose that 0 < 6 <1 and sg, s1,89 := (1 —0)sg + 0s1 ¢ E;. Then

[Hys Hyslo = Hyl,
(H;,OB7 H;}B)H,p = Ws,gzsv sp ¢ N,

p
Wl Wylslo =Wyl 50 € N,
(Wpio ’WIiIB)G’p = Wli%, 89 ¢ N

D.0.3 Abstract formulation

The aim of this section is to introduce suitable Banach spaces and to reformulate the
moving boundary problem (D.1)-(D.3) as an abstract evolution equation on a fixed

reference frame ).

Definition D.7 (Pull-back & push-forward). For fixed ¢ > 0 we denote the set of all C'-
diffeomorphisms, mapping from g onto €; by Diff! (Qg, Q(t)). For ® € Diff'(Qq, Q(t)),
we define the pull-back operator ®* and the push-forward operator ®, by

d*a:=ao®, foraec CON(t),R), (D.4)
®.b:=bod® 1 forbe C'Q,R), (D.5)

respectively.

In the following we will consider time depending pull-backs and push-forwards induced
by a mapping ¢ € C([0,],€). Therefore we denote formally by ¢! the spatial inverse
of ¢ at time ¢, i.e.

qb_l(ta ¢(ta 730)) = X0-
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Definition D.8. Let ® € Diff'(9, Q(t)) N BUC(Qyp). For sufficiently regular functions
w,r : Qo — R we define the operators

A1 (P, r)w = — " (div (VP,w — Pw Pyr)),
C(P)r :=— 0" (div (VPur)) +r,

and the corresponding boundary operators by

Bii(®,r)w :=— " (VP,w — Pw P,r) on 08,
b(®)r :=— " (Vd,r) on 9.

Furthermore we define the right-hand side nonlinearities

Fi(¢,w) := f(w) = Vo w, G(w) :=g(w).

Taking these definitions under consideration, the equations (D.1)—(D.2) of the original

system transform to

The abstract system I We consider the PDE system

Ow + A1 (¢, r)w = Fi(w) on I x Qy,
C(¢)r = G(w) on I x Qo, (D.6)
Orp =71 on I xQy,

with the boundary conditions

Bii(¢,r)w =0on I x 9,

(D.7)
b(p)r :=0on I x 9y,

and the initial values

U)(O) = W on Qo,

D.8
¢(0) :=x on . (D)

Definition D.9 (Classical solution of the abstract system). For a given initial value
wo € C1(Q) we call the triple (w, r, ¢) a classical (lokal-in-time) solution of the abstract
system, if a ¢4 = ¢4 (wp) > 0 exists, such that

w € C*((0,4) x ),
r(t,-) € C*((0,t4) x Qo) fort € (0,t,),
¢ € 02((0at+)aDiﬁ2(QO))

satisfies (D.6)-(D.8) in the classical sense.
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Definition D.10 (Classical solution of the moving boundary system). For a given
initial value ug € C*(Qg) we call (u,v, ;) a classical (lokal-in-time) solution of the free

boundary system, if a t; =t (ug) > 0 exists, such that

u € C?((0,t4), C*()),

(D.9)
(u(t,-),v(t,-)) € C?() x C*(Qy) fort e (0,ty),
satisfies (D.1)-(D.3) point-wise on Uye(o,)({t} % Q).

Lemma D.11. Let wg = ¢juo := uo(¢(0,x0)) be sufficiently smooth. Let (w,r,$) be a

classical (lokal-in-time) solution in the sense of definition D.9. Then (u,v), where
U= QuW, V= Py,

is a classical (lokal-in-time) solution in the sense of definition D.10 with initial value

up-

Proof. Symbolically we distinct between z € €, and z¢ € €y. The mapping ¢(t, -) maps
at each time ¢ € [0,t4) a point z¢ € Qo bijectively onto

x € Q:=Im(o(t,)).

Hence, the normal velocity V' of 9Q = {z|x = ¢(t,x0) A xg = 0, 1} satisfies the Stefan-
condition (D.2):

V(z)loa, = 0d(t, 20)|zo=0,1 = 7(t,20)ze=0,1 = v(t, T)|a0,-

Apparently (u,v) satisfies condition (D.9). Moreover we obtain for open subsets I C
(0,t4+), U Cier Q¢ and (t,z) € I x U the transformated time derivative

Bru(t, ) = Bds(t, w(t, ) = Qw(t, ¢~ (¢, ¢(t,20)))
= 0w (t, Q)lc=p-1(t(t,m0)) T Ocw(t, <)|C:¢*1(t,¢(t,x0))at¢il(ta #(t, x0))
= ¢*¢*8tw(t) $0) + ¢*v¢*w(t7 .’E()),

since differentiation of the inverse yields
0™ (t, &(t, 20)) = 0™ (t, O)lc—g(t,00) De(t, 0) = 1.
Similarly, we obtain the transformed operators

div(Vu — wo)(t, z) = A11(¢, r)w(t, zo),
(—=div(Vv) +v)(t,z) = C(¢p)r(t, zg),
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and in the same way we obtain that the transformations of the corresponding boundary
conditions. Substitution of these expressions in the abstract system yields the assertion.
O

In the further course we will show that the abstract system possesses a weak solution
at sufficiently short times. As usual, under additional regularity assumptions may be
shown that a weak solution of a parabolic-elliptic system is also a solution in the classical

sense.

Definition D.12 (Weak solution of the abstract system). Let I = (0,7"), T > 0. Fix
1 < s <2 and choose wg € Wy, (£0). We call (w,r,¢) a weak solution of the system
if

(w,¢) € C(I, W35, () x BUC' () N C*(1, L(0) x BUC! (),
re LI, W5(Q)).

satisfy (D.6)-(D.8) in the distributive sense.

Finally, we have to define the set of admissible functions describing the boundary defor-

mation:

Definition D.13.
Ad = {¢ € BUC2(Q) : inf [9,0] # 0} : (D-10)
x 0

Remark D.14. Tt holds Ad C Diff*(Qy) N BUC(Qp). Thus, ¢, and ¢* exist for ¢ € Ad

and the operators in definition D.8 are well defined in the weak L?-formulation.

D.0.4 The reduced system

In this step the degenerated parabolic-elliptic system (D.6) is reduced to a degenerated
parabolic system, by expressing the inverse of the elliptic operator C as a mapping

depending on (r, ).

Lemma D.15. Let ¢ € Ad. The Operator
[r = C(¢)r] € L(HE,, HY)
is an isomorphism. Moreover for fived r € HY holds

[¢ = CH(p)r] € C'(Ad, H3 ). (D.11)

Proof. 1) We show the first assertion. Let ¢ € Ad be fixed. We set g := (0,¢|0,¢), where
(-|-) denotes the Euclidian inner product. Observe that the main part of C'(¢), as defined
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in Definition D.8, is the Laplace-Beltrami operator with respect to the Riemannian

tensor g. Thus C(¢) can be written with respect to local coordinates as

1 1

C(p)r = ——=0x <8$7"> +7r on Q.
9] 9]

and the space H227b transforms to a domain independent of ¢, simply containing homoge-

nous Neumann boundary conditions:

o o2 2ar() _ 2ir(1)
H2,b_{ eHQ’ \/m \/@

We set C(¢)r := /[g]C(¢)r. Since ¢ € Ad, \/[g] € BUC(Rp) and +/]g| > 0 hold. Thus,

operator C(¢) is uniformly elliptic, with sufficient regular coefficients, such that

= o} = {re H3 0,r(0) = B,r(1) = 0} . (D.12)

C(¢) € L(Hj,, H)

is an isomorphisms. This follows from standard results for elliptic partial differential

equations, cf. [138]. Consequently
C((b) € ‘C(H22,b7 HS)

is an isomorphism.

2) We verify assertion (D.11). Let U be a bounded subsection of Ad such that oU N
OAd = 0. Let ¢1,¢2 € U. The first assertion assures that for given f € HY solutions
U, Uy € H227b of

1
—div | ——=Vu; | +\/|gilui = +\/|gi|f on Qo (i=1,2) (D.13)
(x/\gi! )

exist, where g; = (0,¢;|0x¢;). From the standard Lj-theory for elliptic PDE, we obtain

the estimate

luillzz < eall fllg, (D.14)

where the constant ¢; = ¢1(Q0, U) does not depend on u;, ¢;, f, i = 1,2. Subtracting the
first from the second equation in (D.13) and subsequent multiplication of w := (u; — u2)

on both sides leads after integration to

1 1
Vw | —=Vu; — —Vuy d:n+/ w <\/|gl|u1 - \/|92|U2> dz
/Qo (\/ |g1] Vg2 ) Qo
<

< [ oyl - 92| .

where we used partial integration and the fact that the integral vanishes on the boundary

(D.15)

due to the boundary conditions implied by (D.12). Using standard inequalities, the first
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term on the left hand side can be estimated as

1 1 1
Vw | —=—=Vu; — ——=Vuy | dx > inf|—|||Vw|?
/ﬂo (\/ 91 V92| > Vgl Hy
=Vl g IVuall gglly/ 191l = /1g21ll-

For the second term on the left hand side we obtain

o (Vi = Viglus) do > int gl
0
“lisrl = igall g el

while the right hand side can be estimated by

[ et = ighs| do < 1/iorl = il 1 gllolg

In summary we obtain that (D.15) yields the estimate

: 1 .
m(ﬂm>ww@+m%mWMWQSMwammwwMN,<Dm

where

r(ur,ug, )= IVl g Vuzllgg + llwllmg l[uallmg + 1 Fllmgllwl -

Thanks to (D.14) it holds x(ui,us, f) < K for a suitable constant K > 0 independent
of (uy,ug, f). Moreover, since ¢1,¢2 € U, and U is bounded in Ad, it is easy to verify
that a constant co = c2(U, ) independent of ¢1, ¢9 exists, such that

min {inf( ! ) inf4/|g \} >c
T | 1 = €2.
Vigil

If U C Ad is chosen sufficiently small, it can be shown that a constant c3 = c3(U, Q)
independent of ¢1, ¢o exists, such that

o o

(The details of this proof will be shown in a more general version in the proof of Lemma

< c3llp1 — ¢2|| for ¢1, ¢ € U.

D.19.) In summary, we obtain from inequality (D.16)

[0 CH(e)f] € C7(Ad, Hy). (D.17)
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We consider once again (D.13). Subtraction of equation (D.13) with respect to i = 2
from equation (D.13)with respect to i = 1 yields

1 1 1 1 1
Aw=—|—n——— AuQ—vvu}—v< - )VUQ

g1 (x/lml \/!92!) lg1] l91] 92|
+/lg1lw — (/91| — \/lg2]) (u2 — f).

Multiplication of Aw on both sides and integration leads after the application of (D.14),
the Minkowski- and the Hélder inequality to the estimate

1
inf | —— | [[Aw||%2 < 7] Aw] 52, D.18
(\/@) AWz <A@l 2 (D.18)

where for a suitable constant ¢4 independent of ¢;, u;, (i = 1,2)

4 H\/w — ol el
BUC! () BUC(Q0) :

In the proof of Lemma D.19 will be shown that the first two summands on the right

1 1
Y= | ||——— ——
(H Vi~ Vil

hand side can locally estimated by a Lipschitz expression. From (D.17) we know that
l|lwl|| p} can locally estimated by a Lipschitz expression. Hence, from (D.18) follows for a
constant L = L(Qp,U)

CZHAWHHg < Lfj¢1 — ¢>2||BUCI(QO)7

which proofs the assertion. O

Applying standard results from the regularity theory of elliptic partial differential equa-

tions, we obtain

Lemma D.16. Let ¢ € Ad. Then for fized r € H3 is

(¢ C N (p)r] € C'(Ad, H3 ).

The two lemmata above imply

Lemma D.17. The following mapping conditions hold:

[(¢,7) = C~(p)r] € C'~(Ad x H),BUC!(Q)),
[(¢,7) = C™H(¢)r] € C'(Ad x H,, BUC*(y)).

Proof. We only prove the first mapping property. The second assertion follows in an

almost identical way.
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Let (¢1,71), (¢2,72) € Ad X Hg, and uq,us € Hg be the solutions of
C(¢i)ui =m; on Qq

with homogenous Neumann boundary conditions. Subtraction of us from u; and appli-

cation of the szyb—norm yields

lur — wall g, < NC™HP1)r1 = C™Hd2)rll g, + O™ (d2)r1 — O (d2)ral iz,

Lemma D.15 implies that it only remains to show that the second term on the right
hand side can be estimated suitably: From the standard theory for elliptic PDEs (cf.
e.g. [138]) follows the energy estimate

IC™ (@2)r1 = C™H2)rall iz, < c(d2)llry = ral g
where ¢(¢p2) depends continuously on ¢. In summary, we obtain that
[(¢,7) = C™H(@)r] € O~ (Ad x Hy, H,).

Due to the embedding Hj, < BUC! (Qp) follows the assertion. O

Definition D.18 (The reduced system). We set u = (uj,u2) := (w, ). Moreover for
F(u) := (Fy(u), Fo(u)) we set Fp(u) := C~(u2)G(u1). We introduce the operators

Alu) = (“4”(“2(’)&(“)) 8) (D.19)
and
B o= (P08 200 0). (0.20)

The reduced system formally transforms to the abstract, degenerated evolution equation
Ou~+ A(u)u = F(u) fort >0, u(0)= uop. (D.21)

with values in a set whose elements u(t) satisfy B(u)u = 0.

D.0.5 Well-posedness of the reduced system

Lemma D.19. [(¢,7) — A11(¢,7)] € C'(Ad x BUC*(Q), E%(Q))
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Proof. Let g := (0;¢|0,¢). By the same argument as in the proof of lemma D.15

Ai1(¢,7) can be written in local coordinates as

1 1 T Opr
Ai1(p,r)w =— ——=0; <8$w> + — 0w+ —w
9] Vgl Vgl varl

=0, (183510) T (r + ax1> ouw+ 2y,
lg] 9] 9] 9]

where the last term is the non-divergence representation of the operator. Hence, it is to

show that the mapping

1 1 1 0,1
Ad x BUCY(Qy) 3 (¢,7) — <,o, — (r-f-@x) , — ,0) c&
9" V19l 9l gl
is locally Lipschitz continuous. Due to the definition of Ad is ¢ € BUC* (). Thus,
the components of A1 (¢,7) are elements of £°(€). Exemplarily, we will show that the

first term of the third component

[((;S, ) — r] € C'7(Ad x BUCY(y), BUCY(Qy)) (D.22)

9]
is locally Lipschitz continuous. The whole assertion for the remaining components fol-
lows similarly or even more easily.

Choose ¢g € Ad, 79 € BUCY() and keep them fixed. Moreover, since infeq, |0z0] > 0

we can choose a L > 0 such that

< 00.

o7

Let ¢,¢" € {¢ : ||¢ — ¢ollgucz < L} and r,7" € {r : |r — ro|lgucr < L}. Recall
V09| = |0:¢|. Usage of standard estimates yields

st~ gl < | o | oot = w1+ 1oz~ avo) o
< H(c’MblL) (1020l + L)lIr = 7'll + (ol + L) 1026 — B4} -
It follows that
Ad x C' 3 (¢,7) — 1‘g|r € BUC’(Qy) (D.24)
is locally Lipschitz continuous. O

Lemma D.20. [(¢,7) — A;1(¢,C~'(¢)(r))] € C'~(Ad x HD, £9)

Proof. The assertion follows from lemma D.17, lemma D.19, and the property that

compositions of locally Lipschitz continuous functions in BUC™ (), 7 > 0, remain to
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be locally Lipschitz continuous. O

We have now provided all auxiliaries to proof the short time existence of the abstract

system.

Theorem D.21. Let 1 < s < 2. For each uip € Wi (o) a time t1(ug) > 0 exists,

such that equation (D.21) posses a unique solution

u e C((0,t4), Ws g, (Q0) x BUC?(€0)) N C*((0, t4.), Ly(20) x BUC*(Q)).

Proof. 1) Set E;j := E; x BUC?({)), j = 0,1, where Ey := HY ,(Q) and Ey := H2({).
Define the set of interpolation spaces F := {(-,)p : 0 < 8 < 1)} by

[,:]e ifO=1/2,
{(', o else.
Then (Ey, E1) a densely injected Banach space couple and [139], Theorem 7.2, implies
By = (Eo, E1)g = W%, (Q0), 0<0<1, 20¢%}.
Consequently is (Eg,E;) is a densely injected Banach space couple and
Eg := (Eo,E1)g = Eg x BUC?*(Q), 0<6<1, 20¢Xx}.
Fix 0 <7 <r<s<2and set
a:=1-2-9)/2, f:=1—-(2-71)/2, v:=1—-(2—1)/2.
Then
0<y<B<ax<l (D.25)
and
Eo=W3p,(Q0), Eg=W;3p,(0), Ey=Wsg, (Qo)
Moreover, it is easy to verify that Ad is an open subset of BUC?(Qp). Consequentely
Xp:=FEg x Ad
is open in Eg.
2) Since Eg < H)), we have [u — (A11,a)(u)] € C'7(Xp,£Y) due to lemma D.20. If we

denote by A1; the Eg-realization of (A1, a), we obtain

Ay € OV (Xg, H(Eo, Ev)),
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thanks to [139], Theorem 8.5. From [142], Theorem 2.1, we obtain
A e C (X, H(Ey,Er)), (D.26)

where A denotes the Eq realization of A.
3) We are going to verify

FeC'"(X,E,), ~<1/2. (D.27)

Consider the first component Fy : W3 ,(€0) — W3 ,(Q0). By the choice of v < 1/2 it

necessarily follows » > 1 > 7. Hence, there exists a Holder exponent ¢ € (0,1) such that
W34(0) = G5 () = W3 ,(Q).-
Since F; : R — R is Lipschitz continuous, it is easy to verify that the mapping
Fy: C5(Q0) = C5()

is Lipschitz continuous. Thus, the mapping Fy : W3 ,(Q0) — W3 ,(€0) is Lipschitz
continuous.

Consider the second component F5. Recall
Fg(u) = Cil(uQ)ul.

Since r > 1, we have u; € Hi. It follows from Lemma D.17 that (D.27) holds.
4) The assertion follows now from (D.25), (D.26), (D.27) and the the application of
[139], Theorem 12.1. O
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